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restoration.

We have in this research developed a source encoding and signal
sampling concept, such that the optical signal processing can be carried
out in complex amplitude, with an incoherent white-light source. In this
connection a new technique for image-subtraction was developed for
white-light illumination. We have extended the source encoding technique
for broad spectral bandwidth. Notice that, the digital counterpart is not
able to perform the color image restoration at the present time.

In this research, we have quantitively evaluated the coherence
requirement for the white-light optical processor. The spatial and
temporal coherence requirements have been evaluated for a dispersive
white-light system. The requirements for image deblurring, subtraction,
and correlation have been throughly calculated.

We have, in this research, evaluated the apparent transfer function
for the white-light processor. The MTF of the white-light processor is
depending on the degree of temporal and spatial coherence. The calculated
MTF is rather general, which can be applied to any partially coherent
optical processor.

One of the interesting results was the development of a density
psendocolor encoder with white-light. This white-light psendocolor encoder
is a high resolution system and it is very cost effective as compared with
the digital counterpart. We have applied the psendocolor encoder for
medical diagnostic imaging, Landsat data falsed-color composites, as well
as color image retrievals.

In white-light holography research, we have evaluated the primary
aberrations and bandwidth requirement for rainbow holographic process. The
conditions for the removal of the primary aberrations have been calculated.
We have also developed a technique of generating a broadband white-light
Fourier hologram. The technique utilizes a source encoding principle.
This broadband Fourier hologram is vitally important, for the generation of
a wide band spatial filter as a applied to complex signal detection with
white-light. In addition, we have also developed a dual-beam encoding
technique for color hologram construction with white-light. This encoding
technique utilizes no reference beam.

Another interesting demonstration must be the optical signal
processing with sun light. The advantage of sun-light processing is that
the optical system does not carry its own light source, which is very
suitable for spaceborne application.

Noise performance and measurement have been quantitatively analized in
this research. We have shown that the white-light system offers coherent
artifact noise immunity, which is the primary advantage over the coherent
counterpart.

We have also in this research, applied various spatial light
modulators (SLM) (for examples, Magneto-optic, Liquid Crystal TV, Liquid
Crystal light value, etc) to white-light optical signal processing. The
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SECURITY CLASSIFICATION OF -'rtw



Unclassified

3S1CV111ITY C:.ASSIPICA?;'N CO -- IS ZASZ!

programmability of the SLM have been exploited and interesting colorful
results have been obtained.

Furthermore, the application of white-light processing to spectrogram
generation, Talbat interferometer, phase object visualization, and many
others have been carried out-in various phases of this research. The
results, in part, can be found in this report.

Final remarks., the net effects of this study is to emphasize the
reality of a white-light optical processor and its capability of preforming
complex amplitude processing, which would offers many colorful
applications, that in part, have been documented in the list of
publications.
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I. Introduction

UWe have, in the period covered from February 15, 1981 to May 14, 1986,

completed the major research programs in the area on white-light signal

processing and holography. The performance of our tasks done were very

consistent with proposed research programs supported by the Air Force

Office of Scientific Research Grant AFOSR-81-0148 and Nos. AFOSR-83-0140.

The research finds have been published in various open technical journals

and in part, have been presented in scientific conferences on various

occasions. Sample copies of these papers are included in this final report

in the subsequent sections, to provide a concise documentation of our

research accomplishment. In the following sections, we shall give an

overview of the overall research done, that cover the entire period of this

research. We shall detail some of those accomplished works in the

following sections. A list of publications resulting from this support is

also included at the end of this report.

II. Summary and Overview

2.1 Smeared Image Deblurring

N-One of the earliest research done on "White-Light Optical Signal

Processing and Holography", must be the smeared-photographic-image

deblurring with white-light [7]. A simple technique of synthesizing a

complex deblurring spatial filter is given. Experimental demonstrations of

smeared-image deblurring with a white-light processing technique are

provided. Compared with the coherent-processing technique, the white-light
1

technique offers artifact-noise suppression, and the processing system is

simple, versatile, and economical. We note that the white-light-processing

technique is suitable for smeared-color-image restoration

T"!



2

We have also extended this image deblurring technique to color

3 photographic image deblurring [2]. Since white-light processing technique

is suitable for image processing, the color image deblurring can be

achieved with narrow red and green color deblurring filters. Experimental

demonstrations for smeared-color image were obtained. The extension to the

entire spectral band of a white-light source will be given in Section IX.

2.2 Image Subtraction (Section IV)

We have in this research investigated the possibility of using a

white-light source for image subtraction. Since optical image subtraction

is a one-dimensional processing operation, instead of using a point source

of light, a line source can be utilized. However the image subtraction

operates upon the one-to-one image points, a strictly broad coherence

requirement is not needed. It is therefore possible to encode an extended

Iincoherence source to obtain a point-palr coherence function for the image
subtraction operation [3,5].

A technique of encoding an extended incoherent source for image

subtraction is developed. The source encoding is obtained from the

coherence requirement for image subtraction operation. Since the coherence

requirement is a point-pair concept for image subtraction the encoding can

take place by spatial sampling an extended incoherent source with narrow

slit apertures. The basic advantage of the source encoding is to increase

the available light power for the processing operation, so that the

inherent difficulty of obtaining a very small incoherent source can be

alleviated. Experimental results obtained with this encoded incoherent

source are given. Comparisons with the results obtained by coherent

processing technique are also provided. We have concluded that the

a
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incoherent processing technique otters a better artifact noise suppression

Uand better image quality.
2.3 Visualization of Phase Object (Section V)

We have extended the source encoding concept for the application to

visualization of color coded phase variation with white-light processing.

This technique utilized a dual color optical processor with encoded

extended white-light sources. The color coded phase visualization enable

one to observe fine detail phase variation between fringes, which includes

both the positive and negative phase changes. Excellent experimental

demonstrations of the phase visualization technique are provided [6].

2.4 Coherence Requirement (Section VI)

Our research has included the evaluation of the coherent requirement

for white-light optical signal processing [7]. The mutual intensity

function for a partially coherent light is used to develop an expression

for the output intensity distribution for a broadband optical information

processor. The coherence requirement for smeared image deblurring and

image subtraction is then determined using the intensity distribution.

We have shown that the temporal and spatial coherence requirements for

some partially coherent optical processing operations, namely, image

deblurring and image subtraction, can be determined in terms of the output

intensity distribution. For image deblurring the temporal coherence

requirement depends on the ratio of the deblurring width to the smeared

length of the blurred image. To obtain a higher degree of deblurring a

narrower spectral width of the light source is required. For example, if

the deblurring ratio Aw/w is 0.1, the spectral width, AX, should be < 640

A.

VV
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For the spatial coherence requirement the image deblurring depends on

0 both the deblurring ratio Aw/w and the smeared length w. If the deblurring

ratio Aw/w - 1/10 and w - 1mm. a slit source < 0.26 mm should be used. For

a smeared image deblurring operation the constraints of the temporal and

spatial coherence requirements are not critical, which can be achieved in

practice.

For image subtraction, the temporal coherence requirement is

determined by the highest spatial frequency and the separation of the input

object transparencies. If the separation and spatial frequency of the

input transparencies are high, a narrower spatial bandwidth of the light

source is required.

For spatial coherence requirement, the modulation transfer function,

which determines the contrast of the subtracted image, depends on the ratio

of the slit width to the spatial period of the encoding mask, ie., d/D. If

the ratio d/D is low, a higher contrast subtracted image can be obtained.

For example, with d/C - 0.05, a relatively higher MTF = 0.85 can be

obtained. Compared with the image deblurring operations, the coherence

requirements are more stringent for the subtraction process.

Finally, we have concluded that, the-solution to the coherence

requirement for partially coherent processing is not restricted to the

application of the deblurring and subtraction operation, but may also be

applied to any other optical processing operation.

2.5 Apparent Transfer Function (Section VII).

We have in this research evaluated an apparent transfer function for

our white-light optical signal processing system [8].
WI

The nonlinear behavior of the partially coherent optical processor,

when considering either intensity or amplitude distribution input signals,

°4



necessitates the use of the apparent transfer function to accurately

predict the system response. We have derived the general formulas for MTF

in terms of the theory of partially coherent light. These derivations

indicate the dependence of MTF upon the degree of spatial coherence (i.e.,

the sourcepsize) as well as the degree of temporal coherence (i.e., the

source spectral bandwidth). MTF has been shown to be less dependent upon

the spatial coherence requirement as compared to its relationship with the

temporal coherence requirement.

It has been noted that the spatial bandwidth of our optical processor

is primarily dependent upon the size of the filter Ax, where the filter is

placed in the Fourier plane. The transfer systems bandwidth may be

increased by using a larger spatial filter Ax. However, the size of the

filter is selected such that Ax = pofAA, which is linearly related to the

spatial frequency of the grating, the focal length of the transform lens

and the spectral width of the light source. A narrow spectral band AX is

necessary for most partially coherent optical information processing

operations. In order to achieve the required AX for a wide strip of

spatial filter Ax in the spatial frequency plane, a diffraction grating of

sufficiently high frequency p0 at the input plane is needed. For example,

for partially coherent processing with a white light source, a set of

narrow spectral band filters, each with a spectral bandwidth 6A, can be

used in the spatial frequency plane.

Finally, we conclude that the apparent transfer function which we have

obtained is rather general and may be applied to any partially coherent

optical processing system.

POW
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2.6 Source Encoding and Signal Sampling (Section VIII)

3 We have developed a concept of source encoding and signal sampling for

our white-light signal processor [4]. We have shown that the advantage of

source encoding is to provide an appropriate spatial coherence function at

the input plane so that the signal processing can be carried out by

extended incoherent source. The effect of the signal sampling is to

achieve the temporal coherence requirement at the Fourier plane so that the

signal can be processed in complex amplitude. If the filtering operation

is two-dimensional, a multi-spectral-band 2-D filter should be utilized.

If the filtering operation is one-dimensional, a fan-shape filter can be

used.

A In short, one should carry out the processing requirements backward

for a white-light processor. With these processing requirements (e.g.,

operation, temporal and spatial coherence requirements),

multi-spectral-band or broad-band filter, signal sampling function, and

source encoding mask can be synthesized. Thus the signal processing can be

carried out in complex amplitude over the whole-spectral band of the

white-light source [9].

2.7 Broadband Image Deblurring (Section IX)

In this research, we have shown a broadband color image deblurring

technique utilizing a white-light source [10]. This broad spatial band

deblurring technique utilized a grating base method to obtain a dispersed

smeared image spectra in the Fourier plane so that the deblurring operation

can be taken place in complex amplitude deblurring for the entire visible

wavelengths. To perform this complex amplitude deblurring for the entire

spectral band of the light source, we have shown that a fan-type deblurring

filter to compensate the scale variation of the smeared signal spectra due

e-r
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to wavelength dispersion can be utilized. To alleviate the low

transmission efficiency of the deblurring filter, we synthesized the

deblurring filter with the combination of a broadband phase filter and a

fan-shaped amplitude filter. The broad spectral band phase filter is

synthesized by optical coating techniques, while the fan-shaped amplitude

filter is obtained by a 1-D coherent processing technique.

OA By comparison of results obtained by the broadband image deblurring

with the narrow spectral band and coherent techniques, we have seen that

the results obtained by the broadband deblurring offer a higher image

quality. We have also shown that the broadband deblurring technique is

very suitable for color image deblurring. We have provided several color

image deblurring results obtained by the broadband deblurring technique.

From these color deblurred images we have seen that the fidelity of the

k color reproduction Is very high and the quality of deblurred image is

Irather good. Although there is some degree of color blur due to chromatic

aberration of the transform lenses, it can be eliminated by utilizing

higher-quality achromatic transform lenses. Further improvements of the

deblurring can also be obtained by utilizing a blazed grating to achieve a

higher smeared spectral diffraction efficiency so that a wider spatial band

deblurring filter can be sued to achieve a higher degree of deblurring.

2.8 Color Image Subtraction (Section X)

We have also accomplished a research project on color image

subtraction with extended incoherent sources [11]. We have introduced a

source encoding technique to obtain a point-pair spatial coherence function

for the subtraction operation. The basic advantage of source encoding is

to increase the available light power for the image subtraction operation,

so that the inherent difficulty of obtaining incoherent point sources can
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be alleviated. Since the technique uses Incoherent sources, the annoying

9coherent artifact noise can be suppressed. We would see that the concept

of color image subtraction may also be extended to the use of white-light

source, for which a program is currently under investigation. In

experimental demonstrations, we have shown that color subtracted images can

be easily obtained by this incoherent subtraction technique. Since

virtually all images of natural objects are color, the technique may offer

a wide range of practical applications.

2.9 Rainbow Holographic Aberrations (Section XI)

We have also theoretically evaluated the primary aberrations and the

bandwidth requirements for rainbow holographic processes [12]. The results

obtained for the rainbow holographic process are rather general, for which

the conventional holographic image resolution, aberrations, and bandwidth

requirements, can be derived. The conditions for the elimination of the

five primary rainbow holographic aberrations are also given. These

conditions may be useful for the application of obtaining a high quality

rainbow hologram image. In terms of bandwidth requirements, we have shown

that the bandwidth requirement for a rainbow holographic construction is

usually several orders lower than that of a conventional holographic

process. Therefore, a lower-resolution recording medium has generally be

used for most of the rainbow holographic constructions.

2.10 Pseudocolor Encoding with Three Primary Colors (Section XII)

We have also developed a white-light density pseudocolor encoder for

three primary colors [13]. The advantages of this technique are; it is

very cost effective and offers a high image resolution, as compared with

the digital technique.

.. "
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2.11 Partial Coherent Measurement (Section XIII)

We have accomplished a coherent measurement for our white-light

optical signal processor [14]. The results show that the degree of

coherence in this Fourier plane increases as the spatial frequency of the

sampling grating increases. However, the improvement in coherence is

somewhat more effective in the direction perpendicular to light dispersion.

Since the white-light processor is capable of processing complex signal

with entire spectral band of the light source, it is suitable for color

signal processing.

2.12 Restoration of Out-of Focused Color Image (Section XIV)

We have also extended the color image deblurring to 2-D out-of-focused

color photographic images [15]. Final results of this restoration

technique have been obtained.

2.13 Solar-Light Optical Signal Processing (Section XV)

We have performed an experiment of optical signal processing with

natural solar light [16]. We have shown that a white-light processor can

be easily implemented with natural solar light for optical signal

processing. The basic advantge 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.

2.14 White-Light Processing with Magneto-Optic Device (Section XVI)

We have also performed an application of a magneto-optic spatial light

modulator with white-light processing [17]. We have shown that the

magneto-optic device responds to the polarized white light, in which a wide

.9'



10

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 processings.

2.15 Measurement of Noise Performance (Section XVII)

A measurement technique for the noise performance of a white-light

optical signal processor is also performed in this period [18]. The

technique utilizes a scanning photometer to trace out the output noise

intensity fluctuation of the optical system. The effect of noise

performance due to noise perturbation at the input and Fourier planes is

measured. The experimental results, except for amplitude noise at the

Y input plane, show the claims for better noise imunity, if the optical

system is operating in the partially coherent regime. We have also

S measured the noise performance due to perturbation along the optical axis

of the system. The experimental results show that the resulting output SNR

improves considerably by increasing the bandwidth and source size of the

illuminator. The optimum noise immunity occurs for phase noise at the

input and output planes. For amplitude noise, the optimum SNR occurs at

the Fourier plane. In brief, the experimental results confirm the

analytical results that we recently evaluated.

2.16 White-Light Fourier Holography (Section XVIII)

In this research, we have also developed a technique for generating

broad spectral band Fourier holograms with an encoded white light source

[19]. Since this technique utilizes primary white-light construction and

reconstruction process, it is quite suitable for color Fourier hologram

image reconstruction.

!Z66 '



2.17 Optical Generation of Speech Spectrogram with White-Light Source

(Section XIX)

We have also developed a technique of generating speech spectrogram

with a white-light optical processor [20]. Since the technique utilizes a

lwhite-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 are

discussed.

2.18 Progress on Archival Color Film Storage (Section XIX)

In the research, we have completed an investigation of archival

storage of color films with white-light optical processing technique [21].

We have developed a spatial 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.

JI. 2.19 Generating False-Color Composites for Landsat Data (Section XXI).

We have developed a technique of false-color compositing by encoding

multispectral remote sensing data with a low-cost white-light optical

processor. Spatial encodings are made with various multispectral band
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image transparencies, and false-coloring is obtained by color filtering the

Jsmeared Fourier spectra. In contrast to the low-resolution digital image,

,P the white-light method generates a high-quality color-coded product. This

image is free from coherent artifact noise because coherent light sources

are not used. This simple and versatile technique may offer a wide range

of applications. Three bands of multispectral Landsat data were processed

using 70 mm black-and-white film negatives. These false-color encoded

images allowed for discrimination of various Earth surface features.

Forests, agricultural lands, water, urban areas, and strip mines could be

shown on the images as each of these thematic classes were displayed as a

different color.

2.20 Developed a Low-Cost White-Light Processor (Section XXII)

We have developed a white-light optical signal processor which can be

coupled with a relatively unsophisticated system featuring low cost,

portability, and high processing power-to-cost ratio [23]. The low-cost

white-light optical processor (LCP) offers educators and businesses a

powerful teaching aid while providing a system capable of optical

processing usually associated with complex optical systems. Experimental

results are provided for four processing techniques applied to the system.

The methods applied are: scanning optical correlation and convolution,

color schlieren optical processing, processing of bubble chamber event

photographs, and density pseudocolor encoding. A full list of system

equipment and details of the system construction are included. Emphasis is

on the processing power available for low cost, making this a tool to be

utilized in undergraduate optics laboratory courses.

lid%
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2.21 White-Light Talbot Interferometer (Section XXIII)

In this research, we have developed a method for real-time

color-codingLof depth using a white-light Talbot interferometer [24].

Based on the fact that the Talbot planes of a grating are formed at

~different distances for different colors, the topographical structure of a

surface can be color-coded in real-time. Experimental results are provided

to verify the proposed method.

We have also in this phase of research developed a method of color

visualization of a phase object based on Talbot effect [25]. If a grating

is illuminated with a collimated white-light, the distance of the Talbot

image will differ for different color. By placing an identical grating at

a certain distance of negative or positive Talbot image, a single color

output is extracted. A color visualization of a phase object placed

between two gratings can be performed by a first-order spatial filtering.

The hue is related to the first derivative of the phase distribution.

2.22 Analysis of Cross-Spectral Density Function for White-light

Processing (Section XXIV)

In this phase of research, we have analyzed a white-light optical

processing system based on the cross-spectral density function. A

plane-by-plane analysis is given, which includes the effects of source size

and grating frequency. The degree of coherence in the Fourier plane is

examined in detail, and an explanation of the fan-shaped deblurring filter

based on this analysis is also provided [261.

2.23 Computer Generated Filters in White-light Processor (Section XXV)

We have also investigated the effects of computer generated filters as

applied in a dispered white-light processing system. Experimental results

Stof computer-generated hologram (CGH) spatial filters applied to the

%
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deblurring of color Images are given. Significant performance can be

achieved with moderate resolution images and 1-D processing operations.

Color smear and multi-band filter/signal spectrum size mismatch limit

applications involving large space-band-width images and/or 2-D processing

operations with the dispersed system configuration. The flexibility of the

CGH spatial filter fabrication technique, combined with the added

processing dimension of wavelength and the inherent ability to reduce

coherent artifact noise, make this processing scheme attractive for many

image processing applications [27].

.=4 2.24 Holographic Tomography for 3-D Object Field (Section XXVI)

We have developed a holograhic tomography concept by which a 3-D

complex field may be studied and reconstructed from 2-D projected data [28).

A particular case of some opaque objects in a 3-D field is discussed as a

3 preliminary application of this concept. The holograhic multiplexing

e technique provides a series of projected data for tomographic

reconstruction. With the algorithm used in computer post-processing, the

image of a chosen slice in the studied field can be reconstructed from its

one-dimensional projected data. The relative locations and the shapes of

the objects inside the field are well defined by the reconstructed image.

It is noted in this particular case, the principle used in the algorithm is

much more suitable for convex object fields. This limitation arises from

the fact that the projected data are the silhouettes of opaque objects.

However, the ultimate objective is the study of 3-D complex fields.

Hopefully, with the aid of holographic concept, some advantages such as

reduction in computational procedures, may be achieved as compared with

conventional tomographic techniques.

Ru
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2.25 Medical Imaging with White-Light (Section XXVII)

Color enhancement of medical images has been shown to be effective in

increasing the perceived dynamic range of the images and thereby the

diagnostic value of those images. An analog pseudocoloring technique based

upon Fourier optics has been developed in our laboratory to encode images

obtained from such modalities as conventional X-ray, Ultrasound and CT.

Emphasis is placed on the production of pseudocolored images mapped into

the "heated-object" scale by way of primary intensity functions which are

based on color matching principles and realized by film non-linearity

properties. A final phase relief transparency contains the information

required to produce the color scale when used as the input signal to the

white-light optical processor [29].

2.26 Dual-Aperture Sampling with Partially Coherent Light (Section XXVIII)

We have also analyzed the effect on fringe visibility of a

dual-aperture imaging system under partially coherent illumination [30].

The problem formulation is developed from the partial coherence theory of

*Wolf. The results show that the fringe visibility is affected by the

spectral bandwidth, source size, sampling aperture size, as well as the

defocused distance of the imaging system. These results are quite

consistent with the Thompson's predictions of Young's experiment.

*> 2.27 Application of LCTV to White-Light Processing (Section XXIX)

The applications of a low-cost commercially available flat screen

transmission type LCTV to real-time elementary optical signal processing

using white light sources have been studied. Although the picture is

displayed on the LCTV based on a scanning process, the sufficiently long

relaxation time of the pixels provide a partially spatially coherent input

1. image. Thus, real-time optical signal processing can be carried out using
.* d

£0 ,' £'2.
, . ' . 2 €@ " ' € ' ' € . ' ' . ' . ' € "

" .'''' '' " " "0 o''''' ''" "' " '' ' ' . ""''. -' '.' " ' ' "-''-



16

the LCTV instead of other extremely expensive light modulators. However,

the LCTV has some drawbacks which are low resolution, low contrast and

phase distortion. We like to stress that the LCTV is low cost, and that

with further improvements, the LCTV should be very useful to both coherent

and white-light optical signal processing [31].

2.28 Computer Generated Tricolor Sampling and Application (Section XXX)

We have also developed one-step method for recording color information

on a monochrome transparency using a linear tricolor sampling pattern [32].

It was shown that the method avoids color-cross-talk, moire fringes, and

marginal resolution loss. The linear tricolor sampling pattern is

described in detail as well as a method for computer generating the

tricolor grati:g. Color images retrieved using the grating show that the

mcthed is a viable alternative to previous three step encoding methods.

I
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SECTION III

Smeared-Phot~ographic Image Deblurring
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Smeared-photographic-image deblurring utilizing white-light-
processing techniqueI
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A white-light-processing technique for smeared-photographic-image restoration is described. A simple technique
of synthesizing a complex deblurring spatial filter is also given. Experimental demonstrations of smeared-image
deblurring with a white-light-processing technique are provided. Compared with the coherent-processing tech-
nique, the white-light technique offers artifact-noise suppression, and the processing system is simple, versatile,
and economical. We note that the white-light-processing technique is suitable for smeared-color-image restora-
tion.

An interesting application of coherent optical infor- nique for smeared-image deblurring. As is shown in
mation processing is restoration of smeared photo- Fig. 1, we place a smeared-image transparency in con-
graphic images.'- 0 However, the unavoidable coherent tact with a sinusoidal phase grating at the input plane
artifact noise in the coherent optical-processing system Pi. The complex light distribution, for a given wave-
frequently degrades the quality of the restored image. length X, in the spatial frequency plane would be'3 . 4

Thus, if a smeared photographic image can be restored X,
V, with a white-light (i.e.. incoherent) source. then coher- E(a,:) = CS(aB) + C2S a - Po3

ent artifact noise mav be avoided, and a higher quality
of restored image can be obtained. Attempts to reduce + + a
the temporal-coherence requirement in optical infor- + -3 a + PoS , (1)
mation processing have been reported by several in-m vetigtor."-3  On tht ues ncohren intea of where S(aO) is the Fourier spectrum of the smeared-v e s tig a to rs .1- 3  O n e th a t u s e s in c o h e re n t in s te a d o f i a e t a s a e c ~ ~ ) o i h p t a r q e ccoherent optics has been pursued by Loventhal and image transparency S(x,y), Pa is the spatial frequency
cohereln pth otherb whichursueducyeth coheend of the diffraction grating, f is the focal length of theChavel," and the other, which reduces the coherent achromatic transform lens, (a,S) is the spatial -coordi-
requirement while still operating in complex amplitude, atsym o theFor l an e , ar the
has been pursued by Leith and Roth. 3  hate system of the Fourier plane P2, and C's are the

We have described'41 8- white-light optical processing complex constants. For simplicity, we assume that the
utilizing a diffraction -grating technique. We proposed input transparency is spatial frequency limited and that
that this technique be applied to complex signal de- the smearing is in the N direction of the input spatial
tection, 14 restoration of smeared photographic images 15  plane. We further assume that a narrow-band (i.e..

s band-limited) deblurring filter, for a given wavelength
X0. is provided, as is shown in Figs. 2 and 3 of Ref. 15.applied this white-light-processing technique to

multi-image regeneration. 19 archival storage of color If we insert the deblurring filter of H(3) over a narrow
films, 20 pseudocolor encoding,2 1 .-2 color restoration of spectral band of the smeared-signal spectra Sic -

faded color films . 3 and color image processing24-2  We (Xf/2,)po,3 at \ = X\0. then the complex light field at
the output plane P3. for a given wavelength A over thehave shown that the white-light optical-processing deblurring filter, can be evaluated by the following in-system offers the advantage of artifact-noise suppres-

sion and that the system is simple and economical. The egral equation:

use of the diffraction -grating concept in coherent optical
information processing for multiple-image storage was
first reported by Mueller.2 6 He also applied the same
concept for color image retrieval.2 , Goedgebuer and T ,.1
Gazeu2S recently employed light dispersion with a pair sI<j A { 7
of prism dispersers to obtain spatial coherence for 1-D /

signal correlation. 00.4
In this Letter we demonstrate experimentally that

a linear smeared image can be corrected with the
white-light-processing technique. Since the essential
part of optical processing is the synthesis ofa deblurring Fig. 1. A white-light optical information processor. I.
complex filter. -- 29 30 we will briefly describe a technique white-li'h: point source: Sixy i. smeared-imaze transparenv:
of deblurring filter synthesis. Tx i. diffraction grating: LI and L,. achromatic transform

First we describe the white-light-processing tech- lenses: H(3j. debiurring spatial filter.

Reprinted from Optics Letters. Vol. 6. page IN. Februar. 19
Copyright Z 19 i by tne Optical Society of America and reprinted by permisin o: the copvri,-ni owner
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s SLI T placed a bleached reference point over the zero-order
spectrum at the spatial-frequency plane, as shown in
Fig. 4. If a contrast-reversed image is observed at the
output plane, then the corresponding bleached barpattern must be a 7r-phase filter with respect to the

nte iwavelength of the coherent source.
- - In an experimental demonstration, we first simulated

a linear smeared photographic image. The simulation
was accomplished by recording a linear object motion
on a photographic film and then contact printing to
obtain a positive smeared-image transparency. To
ensure linearity in amplitude transmittance, we con-
trolled the overall film gamma to about 2. The white-
light source that we used for our experiments was a

Fig. 2. Generation of amplitude filter. S, monochromatic 75-W xenon-arc lamp with a 100-Mum pinhole, which
pla2.nera of cylincamlisfmlen. Smoacted as a point source. Since we used a white-lightplane wave; L, cylindrical transform lens. source, index-matching liquid gates were not used in our

experiments. The spectral width of the deblurring
2 complex filter used was about 100 A. the center wave-

g(x,y:X) = C S - P0.,H(/3) length Xo was 5154 A, and spatial bandwidth of the filter
f- f contained five main lobes. The results of the first ex-

X exp (ax + periments are shown in Fig. 5. A slit aperture ofI xf- + I3v]~d3 0.5-mm width was used as a linear blurred object. as i -
shown in Fig. 5(a). Figure 5(b) shows the deblurring

where C is a complex constant and H(3) is the de- image obtained with the white-light optical-processing
blurring filter. The corresponding output-light in- technique. For comparison we also provide the de-
tensity distribution can be approximated by blurring image obtained with a coherent optical-pro-

I(x,y) -. .7g6x,y;)

, K AlXS(x,y} exp(ipox) * h(y)[2 , (3) ,

where AX =t X\o (4Ap/po) is the narrow spectral band of
light over the deblurring filter, h (y) is the spatial im- 7/5
pulse response of H(4), - denotes the convolution op- 1
eration. and K is a proportionality constant. From the
above equation, we see that the filere imgsdf
fracted around the optical axis at the output-image
plane. T a lu ltc bgeeb -

We now describe a simple technique of synthesizinga deblurring filter in which the complex filter is syn-. d : -: '" - ' -

thesized as the product of an amplitude and a phase ,7/..0.,.P..
filter. The amplitude filter can be generated bv re- -
cording a 1-D signal spectrum of a slit aperture on a
photographic plate. The width of the slit corresponds
to the smearing length of the blurred imageY"6 A 1-D Fig. 3. Phase-filter mask.
cylindrical transform lens can be used to obtain an ap-
propriate 1-D Fourier spectrum, as shown in Fig. 2. To
obtain the required amplitude-transmittance function,
we control the film gamma s of the recorded film equal r.

to 1. h:: e"
In the generation of a deblurring phase filter, a o ._, ,

black-and-white bar pattern on a high-contrast film. as
shown in Fig. 3, is recorded. The width of the bar pat- t ....,,,, % %

tern is determined by the wavelength and the smearing .
length of the image."-' We also add a transparent
reference point in an area near the recorded bar pattern.
The recorded binary bar pattern is used as a mask to .l clot,
reproduce a number of gray-level bar patterns on a
low-contrast photographic plate. If the recorded
photographic plate is bleached. then a set of spatial °'°' ' -
phase filters can be obtained. To search for an appro- .
priate .r-phase filter. we used a Ronchi-type grating as Fig. 4. A technique of determining a -- phase filter through %
an input object in a coherent optical processor and contrast reversal.

• .
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blurring technique is simple and economical. To
compensate for the scaling of the signal spectrum, which
is linearly proportional to wavelength, a fan-shaped
filter can be used. Finally, we note that the white-light
deblurring technique is also suitable for smeared-
color-image restoration, which is currently being in-
vestigated.

ag (b) (c) We acknowledge the partial support of the National

Fig. 5. Smeared-image restoration of a slit. (a) Original slit Science Foundation (grant Eng. 78-06864).

aperture, (b) deblurred with white-light processing, (c) de- * Visiting scholar from Shanghai Optical Instrument
blurred with coherent processing. Research Institute, Shanghai, China.
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SECTION IV

Image Subtraction with Incoherent Source
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Source encoding for image subtraction

S. T. Wu* and F. T. S. Yu

Department of Electrical Engineering. The Pennsyvania Stoe University. University Park. Pennsv'onja 6802

Received March 27. i98i

A technique of source encoding of an extenoed incoherent source for image subtracton is presented. The source-
encoding constraints are obtained from the coherence requirement for the subtrac ion operation Source encoding
increases the available light power for the processing operation, as a small incoheytnt source is no longer required.
An experimental result obtained with the encoded incoherent-source technique is given. A similar result obtained
by using a coherent technique is included for comparison.

Optical image subtraction with complex amplitude where the integration is over the input plane P,,. x2 and
was described by Gabor et al.I more than a decade ago. x are the spatial-coordinate systems of P9 and P:,
The technique involves successive recordings of two or p2(X2. x'2) is the complex coherence function at the
more complex diffraction patterns on a holographic input plane P 2, f(x 21 is the input object Iunction at P2
plate and the subsequent reproduction of the composite and can be expressed as f(x,) = 0 1 (X2 - h o; + 0x2' +
hologram images. A few years later, Bromley et al.2 h(,): O(x 2 ) and 0 1 (x2 ) are the two input ob~ject trans-
described a holographic Fourier subtraction technique parencies. and
with which a real-time image and a previously recorded X' 2' '
hologram image can be subtracted. Although Bromley K 2(x 2. x 3 ) = exp i2r- ---- (2)
et al. achieved good image subtraction in their experi-

ments it appears that the illumination for the hologram is the transmittance function between planes P, and P,,.
image reconstruction must be arranged carefully. In X is the wavelength of the light source, and / is the focal
a more recent paper. Lee et al.3 proposed a method length of the transform lens L2 .
whereby image subtraction and addition can also be Thus the mutual coherence function immediately
achieved by a diffraction-grating technique. This after the diffraction grating G, with a spatial period d
technique involves the insertion of a diffraction grating = (,f)/ho, can be shown to be
in the spatial-frequency domain of the coherent optical [ ( (
Sprocessor. A3(X3. x' 3 ) = exp i2. -x3j- exp i2r X1

However. most of the image subtraction techniques4  I / 1
require a coherent source. Such sources introduce co- . ohXs (.exp 12 ho X (3)

* herent artifact noise which limits their processing jexp (3 ] e x .x' 3). 3

capabilities. In previous papers- 6 we have proposed where we ignored the dc term of the diffraction grating
a technique of image subtraction that requires an in- a G.
coherent point source. However. a small incoherent and G = 1 2 r1 ; cos2ex(ho,af it; is a cosine grating.

• ,We note that for comnplex image addition of sine grating
source is difficult to obtain in practice. Nevertheless. should be used. The image intensity at the ouzpuit
this difficulty can be removed with the source-encoding ple is
technique that is discussed in this Letter. plane P4 is

Optical image subtraction with the diffraction-grating = CC...x. x( .-
technique developed by- Lee et al.2 is basically a one- fd
dimensional processing operation. Instead of using a
point source of light. one can use a line source perpen-

. dicular to the separation of the two input object trans- where the interratior. is over the spatial-freauency plane
parencies. Since the image subtraction operates upon and x, is the output spatial coordinate system.

the corresponding image points to be subtracted. a Let us substitute Eqs. t2 and (31 into Ec. 14i and
strictly broad spatial-coherence requirement is not integrate over the spatia-frequency piane. Considering
needed. Thus it is possible to encode an extended only the image terms arounc the origin of the output
source in order to obtain a reduced point-pair spatial plane P. we have
coherence for the image-subtraction operation.

In evaluating the spatial-coherence requiremen- for, . S ,: 2-. I':' . ' -. )4 _ '

', . subtractior. we apply partially coherent imazinz theor" " - _. (':.-'. -,

at the spatia:-irequen cy plane P. of an optical processor. ,
as shown 'n Fiz. 1. The mu:ual coherence functior. is

From. Eq. , s. s e a: :.- t tr-.
J-- ------- -- - " --.. l ..a . n ..--.. -e-c'(,n

E- t er. i pro t-na. Lt"-rs.- .C: : a e a.

(,ir~~a r.- ptic,, Letiers.'. - . - . .', -. -
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where I(2ho)I is the degree of spatial coherence. If the A PP I
degree of coherence 1j(2ho)l is high, i.e., ifp(2ho) -, A,
then Eq. (5) reduces to

Io(-X 4) C 101(X4) - O2(x4)12, 1IU2(2ho)1 L 1. (6)

Thus we see that spatial coherence is required for c,

every pair of subtracted image points. In other words, P
only a point-pair spatial-coherence requirement IP2(x2 PP
- X'2)1 - Ifor IX2 - x' 2 1 - 2ho is needed for the sub-
traction operation.

In source-encoding. we let the intensity transmittance
of the encoding mask be QD ao,

S(x) rect () Fig. 2. Image subtraction. (a),. (b) Input object transpar-

S ) 1 r , encies, (c) subtracted image obtained with incoherent tech-n-I nique, (d) subtracted image obtained with coherent tech-

a multiple-slit source, where N is the number of encoded nique.
slits, s is the slit width, and d is the spacing between slits
of the encoding mask. We note that d is also the spatial
period of the grating G. At the input plane P 2, the slit width s was 2.5 pm, the spacing between slits was 25
spatial coherence function can be shown, 7  um, and the overall size of the mask, which contained

sin - x' 21 about 100 slits, was about 2.5 mm X 2.5 mm. The focal
_ ho J lengths of the transform lenses were 300 mm. A liquid

P2(X2 - X'2) = X - X'2/  gate, which contained the two object transparencies of

IVsin 7 ho size 6 mm X 8 mm was inserted immediately behind the
s collimator. A sinusoidal phase grating with a period of

25 Am was used in the spatial-frequency plane P 3. The
X sinc ' r (x 2 - X'2) (8) separation between the two input images to P 2 was 13.2

L 2j mm.
where d = Xf/ho. From this equation we see that the In our experiments, a set of binary images as shown

-' last sinc factor is identical with the single-slit case, in Figs. 2(a) and 2(b) was used as input objects. Figure

which represents a broad spread of coherence over (x 2  2(c) shows the subtracted image obtained with this
- x'2 ). However, the first factor. for large values of N, source-encoding technique. For comparison the sub-
converges to a sequence of narrow pulses. The locations tracted image obtained with the conventional coherent
of the pulses (i.e.. the peaks) occur at every x = X2 - X'2 processing technique is shown in Fig. 2(d). As can be

n Xf/d, which yields a spatial-coherence discrimina- seen. we obtained better artifact-noise suppression by
d tion of n(Xf/d) over the input plane P 2 . Thus the using the incoherent technique. which results in a better

N, multislit source encoding not only provides the point- subtracted image.
pair coherence needed for image subtraction but also We have introduced a source-encoding technique for
provides a higher available light power for the operation. image subtraction. We stress that the concept of source
In other words, the multislit encoding utilizes the light encoding may be extenoed to other information pro-
source more effectively so that the inherent difficuly cessing operations. We also note that image subtrac-

of acquiring a small incoherent source can be re- tion with the encoded extended incoherent-source
'- moved. technique is generally simpie. versatile. and economica.
", In our experiment a mercury-arc lamp with a green to operate. It may offer a wide range of practical ap-

filter was used as an extended incoherent source. A plications. In additior. the technique is aiso capaie
multislit mask was used to encode the light source. The of operating in a real-time mode
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U Image subtraction with an encoded extended

incoherent source

S. T. Wu and F. T. S. Yu

A technique of encoding an extended incoherent source for image subtraction is presented. The source en-
coding is obtained from the coherence requirement for image subtraction operation. Since the coherence
requirement is a point-pair concept for image subtraction the encoding can take place by spatial sampling
an extended incoherent source with narrow slit apertures. The basic advantage of the source encoding is
to increase the available light power for the processing operation. so that the inherent difficulty of obtaining
a very small incoherent source can be alleviated. Experimental results obtained with this encoded incoher-
ent source are given. Comparisons with the results obtained by processing technique are also provided.

I. Introduction insertion of a diffraction grating in the spatial frequency

One most interesting and important application of domain of the coherent optical processor. Good results
* optical information processing must be image sub- by the diffraction grating technique were also reported

traction. The applications may be of value in urban in their article. In a more recent article, Zhao et al.4

development, earth resource studies, meteorologv, also proposed a technique of image subtraction utilizing
highway planning, land use, inspection, automatic a halftone screen method. However, their technique
tracking and surveillance, etc. Optical image sub- cannot be implemented in real time.
traction may also apply" to electrical and video com- There are several other techniques available for image
munications as a means of bandwidth compression. subtraction which can be found in a review paper by
For example, it is only necessary to transmit the dif- Ebersole.5 However. most of the optical information
ferences between the code words or images in successive processing techniques require a coherent source to car-
cycles rather than the whole code word or the entire out the subtraction operation. But coherent optical
image in each cycle (e.g.. TV). processing systems are plagued with coherent artifact

In 1965. optical image synthesis by complex ampli- noise, which frequently limits their processing capa-
t tude subtraction was firs- described by Gabor e: a:' bilities.
The technique involves successive recordings of two or We have in previous papers( -: proposed a technique
more compiex diffraction patterns on a holographic of optical processing with an incoheren, source for

plate and the subsequent reproduction of the composite complex signal detection and image debiurringi . - We
hologram images. A few years later. Bromley e. a:.' have also extended the technique for possible applica-
described a holographic Fourier subtraction technique, tion to image subtraction.1 1-i However. to obtair a
for which a real-time image and a previously recorded spatial coherence requirement for subtraction operation
hologram image can be subtracted. Although good a very small source size is neee. but a small incoherent
image subtraction by their experiments had been re- source is difficult to obtain in practice. Nevertheless.
ported. it appears that the illumination for the hologram this difficulty may be alleviated with a source encoding

K image reconstruction must be arranged carefully. In Ii.e.. spatial sampling) technique. so that the extended

1970. Lee er aL proposed a technique so that image incoherent source can be used. We have briefly dis-
subtraction and addition can also be achieved by a dif- cussed in a recent communication that image subtrac.
fraction grating technique. This technioue involves tion can indeed obtain with an encoded extended

source.: The basic obJective of source encoding is to
utilize the ligh: power more effectively sc that image
subtraction can be carried out witri an extended inco-

Tne aut~tors are u;:r. Penn~vivans state L.niver, cEecy¢a: herent source. Moreover. vitrn the use of an incoheren,
Enrineering Depar:mer.: L nvers;v, sar., Fen.svi\ar, 1 source. coheren: artitac: noise car be avoided. We

Received 25 March :9;,: stress that thils image subtractior zs'stem is capable of
5 , C operat:nz inn tne rea.-:ire .-,c.ce. anr i ienera:*y

, .. c ocie*' c: ca..:.:a sirpie. \-' a. , r .. .
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From this equation we see that equal spacing slits can
be used so that a brighter fringe pattern can be ob-
served. We note that the intensity of the fringe pattern

-increases linearh" as the number of slits increases. Thus
-on one hand the source encoding preserves the coher-

.0 S2'>ence requirement, and on the other hand it increases the
overall intensity of illumination. Therefore, with ap-

'NCOERE d---- t propriate source encoding, an extended source may be
SOURCEefficiently utilized.

Ill. Spatial Coherence Requirement
We will now adopt the concept of source encoding in

, r2, evaluating the spatial coherence requirement for image
subtraction operation. With reference to the incoher-

Fig. 1. Young. experiments with an extended source, ent optical processor of Fig. 2. we see that the processor

is similar to that of a coherent optical processor except
with an extended incoherent source and an encoding
mask. Since image subtraction is a I-D operation, we

Basically. the optical image subtraction is a I-D will adopt a I-D notation for our analysis.
processing operation. Instead of utilizing a point source In evaluating the spatial coherence requirement, we
of light, a line source of light can be used for the sub- use partially coherent imaging theorv.1 3.i4 The mutual
traction operation. Since the spatial coherence re- coherence function at the spatial frequency plane P3
quirement for subtraction operation is a point-pair is
concept. a strictly coherence requirement is not needed.
In other words, it is possible to encode an extended in- M 3(X 3.=) - fC P 2 (X2 - 2)f(x 2)f/( 2 )K2 ( 2.x 3 )
coherent source to obtain a point-pair coherence re-
quirement for image subtraction operation. X K; (x 2 %dx 2dx2'. (4)

11. Young's Experiment with Extended Source where the integration is over the input plane P2: X2, x 2,
Wi epgx 3 , and x3 are the position coordinates of P2 and P3,We will now illustrate the concept of Young's exper-t epciey 2x. )i tecmlxchrnefnto

respectively, IM2(X2-X2 ) is the complex coherence functioniment for the source encoding. Let us consider first a at the input plane P2; f(x 2) is the input function at P2,
j narrow slit of light source S] situated in plane P, to Fig. which can be expressed as

1. To maintain a high degree of spatial coherence be-

tween apertures Q) and Q2. the source S1 should be very AX2) . 01 ( 2 h0) + 02 (X2 -* ho), (5)
narrow. In other words, if the separation between the where O1(x 2) and 0 1 (x 2 ) are the two input object
two open apertures is larger. the narrower incoherent transparencies and
source S, is required. It can be shown that, to maintain
a high degree of coherence, the slit size can be approx- i2r X2(6

im ated bv13.14 K2( .3) - exp i ) ()

S lA'(2ho} R. ( is the transmittance function between planes P2 and Ps.
X is the wavelength of the light source, and f is the focal

where P is the distance between planes P, and P2.
We now consider two narrow slits of light sources S]

and S2. as shown in Fig. 1. If the separation d'between Mt"C." " A'.

the two sources SI and S: satisfies the relation

S - . ' 2 . (2 ..

-f where the r's are the distances from sources SI and S
to the open apertures Q: and Q2 as shown in the figure.
M is an arbitrary integer, and X is the wavelength of the .-

light source. the interference fringes due to each slht
source are in-phased, and a brighter fringe pattern can ).,

be observed at plane P.,. With the application of Eq. -~

Wl (2). we can emplov many narrow slit sources since we
N wish to obtain a coherent fringe pattern at the output

plane P-. We note that the separations between any,
of the two slit sources should satisfy the fringe (i.e..
spatial coherence, condition of Eq. (2). If the separa-
tion R between planes : and P- is large. i.e.. P >> 6. and
F >> 2 r.. -he coheren: condition of Ec. (21 becomes F ±i l mape su:razn.on w::,- a: encoce ex.enae: :nccrnere,:-

ar a: '.c. r na ' an: OV-- "
:.7
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length of the transform lens L 2. Equation (4) can also IV. Source Encoding
be written We will now search a source encoding so that point-

M 3 fpair spatial coherence can be established. We will
M'3(13.X3 - ffM2(X2-X2)(o](X2 - hO) + 021X2 + ho)] adopt the concept of Young's experiment that we de-

x 10; x2 - h + 0x'2 + ho)] scribed in a previous section. Now we insert a mask
transparency for the source encoding at the front focal

XeXP 2 - X 2 d - plane P, of the collimator L, as shown in Fig. 2. TheX exp X/ ' 6 , M spatial coherent function U((x 2 .x2 ) over the input plane
where superscript * denotes the complex conjugate. P2 can be written' 3

It is clear that the mutual coherence function im-
mediately behind the diffraction granting G, with a (14)
spacing period d = (Xf)/ho, is where S(x ) is the intensity transmittance function of

S)h 0  the mask, and K I(x I.x 2 ) is the transmittance function
-U3(X3.X3) exp i2r x3 exp -i2r x3  between planes P, and P2 . We assume that the mask

is located within an isoplanatic patch, and K,(xl.X2) can
[expx LO ( be written13

x- e (i i15 ) -

xf xf 1 ~ ~K(x IA 2) - expi 2r 112+ /where we ignore the dc term of the diffraction grating. b X

The image intensity at the output plane P4 is where ((x) is the wave aberration of the collimator, and
1(14 = f )1..x I exp b is the distance between the collimator and the input,,4 f .(3x1epP x, d jX3 9 planeP2.

where the integration is over the spatial frequency We note that if b is sufficiently small, i.e.. (b/f )xima

plane. and X4 is the output spatial coordinate system << X2, the transmittance function of Eq. (15) can reduce
to

By substituting Eqs. (7) and (8) into Eq. (9) and in-
tegrating over the spatial frequency plane, we have

1(x 4 ) J ,(X2 .xs)fO1(X: - ho) + 02(X2 + ho)]101(x' - ho) + 0;(,1 + ho))

• + X4 + ho)b(x2' + X4 + ho) + 6(X2 + X4 - ho)b(x'l + 14 - ho)

- 6x.- + x -1 ho)b(x + x4 - ho -6124 +x4 - ho)b(, + x 4 + ho)}dX2dx', (10)

where 6(x) is the Dirac delta function. Let us assume
that i(x2.x'2 ) takes the form W(x2 - X2 ) and g(x) =

"(-x). If we evaluate Eq. (10) termwise and note that K1 ( .!"12 ) m expi 2r -f- (x2) (16'
Aq. the input images are spatially limited, we have X:

1)14x, - )Lo)[lOI-i ,I4)! + I0,-x4,)l - M(2ho)0,(-1)0"= )) By substituting Eq. (16) into Eq. (14). the spatial co-

~ (2ho)0;'-X 4 )ci2 (-X,) + m~o)J(-xz - 2hO)J1 herence function becomes

-102 4 - 2ho))O (11O - expi[ot1-2' -2ho)I

where u(2h0 ) = ju(2ho)I exp(io) is a complex quantity. x .fStz' expL. > - - i ""
We stress that phase factor o can be avoided by ad- .

justing the grating position G. From the above equation we see tha: the spat.a c -

We now consider only the image terms around the herence function is the Fourier transform of tne masK
origin of the output plane P4. transmittance function modulated by a phase ,wave
1 o_-x4 ' ju(2hO)JIOizr - 02tx4)- aberration) factor. However. the phase aberration wi

"1 - li,(2ho)[OILX411^ - 102t4)12]. for C, - O. no, affect the degree of mutual coherence 1 2 k .2 ixI
(121 the remaining analysis. 6e shall ignore the phase aber-

ration and assume that u x-.x- takes -he form=u -
From Eq. (12) we see that the firs- term is propor-

tional to the intensity of the subtracted image. and the Now we evaluate the degree of coherence (2- c, for
second term is proportional to the sum of the image ir- two different cases. We will first evaluaie a single-s.A:
radiances. where Ju(2h0 )1 is the degree of spatia: co- encoding. i.e..
herence. If the degree of coherence I p (2ho) I is high. i.e..
u (2h - i. Eq. (12) reduces to S t rect t-: si. ,1.

I4' X4 :t::, - C0:IX4 ). for iu(2hol i. *13, where s is he slit Aidth. B substitutin- Ec.ui.',1inc

Thus we see that .he soatia coherence is on!y needed Eq. we have

for every pair of point - x= 2h(.. In otner words. ,=: _ p
only a poin-: ir spatial conerence is required for

.1 suotraction opera:io'., v'her zetase .ator was znore:. :nce t pa,-:n
%

406A APD'.E: 0P-71CS ' o:., 2C. Nc 22 Dece-,e- 19r-E"



T a W l 1. S al C e h W e e c e m q* r o f l4 #& S O nV -S li M ak J IM 
3 1

sid /2 1/5 1/10 1/20

1(2hol 0 0.756 0.936 0.98Q

period of the grating G,d = (JX)/ho. if we let x2 - X=
2h 0 - (2fA)/d, Eq. (19) can be written

p(2ho) - sinc(2v • (20"

Thus we see that the degree of spatial coherence
1'(2ho)l depends upon the ratio of the slit width s to the . --

spacing d. " _

To gain a feeling of magnitude, we provide several
values of 1(2ho) in Table I, from which we can see that

a high degree of spatial coherence can be attained only
through a very narrow slit. For example, if the spacing Fig. 3. Coherence function obtained with multislit source encoding,

N. of the grating d = 25 gm, to achieve a high degree of where x = Ix 2 - x21 and sId = 1.5.
spatial coherence a slit width s _< 2.5 gm should be used.
Thus it makes the source too weak for a practical pro-

V cessing operation weighed by a broader sinc factor, as shown in Fig. 3. It
As noted in the previous section, the spatial coherence can be shown that the width of the pulses is inversely

requirement for image subtraction is a point-pair proportional to the number of slits N. Thus the mul-
problem. It is possible to encode the extended source tislit source encoding not only provides a point-pair
with N number of narrow slits. Thus with a multislit coherence requirement for image subtraction but also
source encoding. an N-fold light power can be used for a higher available light power for the operation. In
the image subtraction operation. other words, the multislit encoding utilizes the light

We will now let the intensity transmittance of the source more efficiently, so that the inherent difficulty
,. encoding mask be of acquiring a small incoherent source can be alle-

S(xI) = 
x  rect(Z- n ), (21) viated.

where s is the slit width, and d' is the spacing between V.TmoaChencRquretV. Temporal Coherence Requirement
slits. So far we have considered only the quasi-mono-BY substituting Eq. (21) into Eq. (17). the spatial chromatic light. but the effect of the temporal coherence

coherence function becomes has not been discussed. Since the scale of Fourier
dx 'spectrum varies with wavelength, there is a temporal

sin Nr,-V coherence requirement for every processing operation.
p &jx=- , (22 With this consideration. we must limit the temporal

X X( bandwidth AX of the source so that the dispersed Fou-
L.r* n f- rier spectra will not spread beyond the allowable it.

r FIn the image subtraction operation. we should limit thewhere x =x, - x. From the above equation we see s pectrum spread within a very smal fraction of the-:
.J tnat the last sinc factor is identical to the single-slit case p s
.- of Eq. (9). which represents a broad spread of coher- grating spacing d.i.e..

ence over :. However. the first factor for large values p.Xi.'.-<< d. Q4,
of A converges to a sequence of narrow pulses. The where p,. is the highest anzul-ar spatial freouencv of the
locations of the pulses i i.e.. the peaks i occur at every x itfh oThu thsfco-ilstefn input objects. ! is the foca iencth of-zhe transform lens,

-x = n(,d'i. Thus this factor yields the fine and AX is the spatial bandwidth of the source.
spatial coherence discrimination at every point-pair Therefore. the temporal bandwdth of the source should
separated at distance (Vf/d'i over the input plane P b . .imite bii

If we let the spacing of d' equal the spacing d of the
diffraction rating G (i.e.. d'= d), the spatial coherence _IX < -
of Eq. 21 oecomes A

V? where X is the center wavelengh of the light source. and
% 7,1 " 2hi, is the separation of the input images.

sinc 1- •2I 3 Togain a practica feeling, we let ,'. 6.E rm. =

., _ _ i " 54 ! A and take a fact.or of 1( o- Ec. 51. The terporal
bancdidzh requirements A.\ for various values o: sna::a

where we substitut* F r,,.rom E-. 22.. we see frecuenciez Z- are taouiated in Table K. Weseetha -.
ta: aseauence of narrott puises occursat = - ( te Spat:a* 'reauenv o: tne :nou: cbjects is iov . a
. hr... where r Ir an intege:. anC :neir ea: vaues are troace: Te.M". r o an C :co" C : hz. ource can rE

S,.
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TabW N. TeMPM Coh e*qe ,cequirS For our first demonstration, we provide two contin-
P (ne/mm) 0.5 1 5 20 100 uous tone images as input object transparencies as

4.1 0.2r shown in Figs. 4(al and (b). By comparing these two
AMA IX 1W_ 81 16.5 4.1 0. figures. we see that a liquid gate was ithdrawn from the

optical brench in Fig. 4(b). Figure 4(c) shows the sub-
tracted image obtained with this incoherent processing
technique. while Fig. 4(d is obtained with the coherent

used. In other words, the higher the spatial frequency processing technique. From ,he result obtained with
of the input objects, the narrower the temporal band- the incoherent technique. a projile of a subtracted liquid

,# width required. We assumed that all the lenses are gate can be seen. While from the result obtained with
achromatic. the coherent technique. the subtracted image is severely

damaged by the coherent artifact noise. Thus we see
Vt. Experimental Results that the incoherent technique offers a better image

In our experiments, a mercury arc lamp with a green quality and contains virtually no coherent artifact
filter was used as an extended incoherent source. A noise.
multislit mask was used to encode the light source. The Although a liquid gate was used in the experiment.
slit width s was 2.5 tm. the spacing of slits d' was 25 gm, however, the phase fluctuation created by the density
and the overall size of the mask was -2.5 X 2.5 mm ' , fluctuation of the photographic film cannot be com-
which contained -100 slits. The focal length of the pleteiv compensated. As Chavel and Lowenthal' 6. 7

transform lenses was 300 mm. A liquid gate containing have shown, incoherent processing can indeed suppress
two object transparencies of -6 X 8-mm 2 size was in- the phase noise effectively, which can be seen from Fig.
serted immediately behind the collimator. A sinusoidal 4(c).
phase grating with a spacing period of 25 4m was used For our second demonstration, we again provide two
in the spatial frequency plane P, of Fig. 2. The sepa- continuous tone objects of a parking lot as input object
ration between the two input images to P2 was 13.2 mm. tranparencies, as shown in Figs. 5(a) and (b). From
We evaluated the coherence area at the input plane P2  these two input object transparencies. we see that a dark
as -75 X 75 gm-. We note that the coherence area is gray small passenger car in a parking lot as shown in Fig.

ON rather small and the spacing of the diffraction grating 5(aI) is missing in Fig. 5(b). Figure 5(c) is the result of
% should be accurately matched with the spacing of the a subtracted image obtained from the incoherent image

slits. subtraction technique as described in this paper. In
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5-V

(c)

Fig. 5. Image subtraction parking lot: (a). (bi input ob~iect transparencies: (cd subtracted image obtainecb with an incoherent technique

this figure. the profile of the missing passenger car can image subtraction operation. If the spatial frequency
readiiy be seen at, tnt' output, image plane P4. It is also requirement for the image subtraction is high. a higher
interesting to note that, the parking line on the right side temperal coherence (i.e.. a narrower spectral width' of
of the mnissing passenger car and* the shadow can clearly the light. source is requireE.
bie seer. in tnt' su otracied imnage( of Fig. 51ici. in experimenta demonstrnations, wec nave shonot Dots.:

Summary toe results obtzainec wis.te inconerent Drocessing an:
VI.coherent processing teconiques. BY comparing toncee

Wenave introcucec a source encoding techninue for results, we cnld ,a,-n-ichrnpoe-~
Image suntractios. £ s: source encoded functionA wa iecnnique o::ers a IDetter artu.act. nois e suonesio. s.
evaiuatec trors. a snec::ic conerence requirement, io: bett-er imace cua~itv.
imTase( suntr7act.ios. operation. :,nce t~nt imace sut, Ftnaltv. we~t also stress tnat tnt' inconerent. imna-e-
tractior. is a port p a row )er. an:. the procecing, is suctractior. tecn-wiiut is cenEran' ;er- s=-me. versat:1 e.
essesntia::v a -L, opDerati)c.. :t isOsibie to obtained a and economica. t operate, it. may cu-e: a wine rang-e
recutrec conerence lunction ny encoding an extenoec c,: rciaapiaini c~~s.tt eniu

* source %t-. a set fnar. ~ st in other wor7dsthne slt aisc capiabie ofDE oeatl in a. real-tM EMCC mCc.
p widtn. the suac,,ng co: tn'st.an-: toe- number of slits

c Eternune testa.conerence recuirment. ne au-tc'rs w,,iss. TO aenoidr .sOemna' E
Onasic acvantage c: tn'source Fo, onr N ows;k. an n~ st.udents o' tne >c :ic ae

crease t.nt a,,a:ianie lizr*t power- tor te procestn oz - Danoratorv fo: tohe.: assistance in prenarIng ~En
eratic:.. s( tonat tLnt nn'.eren: :icz'otaccu:rtn, a c o Trmas. Mant-~ so: S. L. Znuan :

v' nc' -ocn m.evaed \\e r \iU atn) omments an: sugestin e' a 7
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VISUALIZATION OF COLOR CODED PHASE
VARIATION WITH AN INCOHERENT OPTICAL

PROCESSING TECHNIQUE

S. T. WU (*). F. T. S. YU

MOTS CLIS : KEY WORDS:
1 raitcmcnt des images en lumiere incoherente Incoherent optical processing
Objets de phase Phase objects

Observation des variations de phases codees
en couleur

SUMMARY An object phase color encoding technique which RISUMt : On presente un processeur optique permettant de
uses a dual color optical processor with encoded extended incohe- coder en couleurs un objet de phase. Cette technique permet de
rent sources is presented. This technique provides fine detail of the mettre en 6videncc les petits details de F'obict.
object phase variation between fringes. including both the positive
and negative phase variations. Experimental demonstrations of this
color encoding technique are given.

1. - INTRODUCTION luation of simple isolated phase structures and it

The study of phase objects has generally depended is difficult to apply for the more general case of phase
variation.upon interferometric techniques [1. 2]. For slowlychanen technict avaiase foraio thecin thasuremen

lchanging object phase variation the measurement object whose image irradiance is proportional to the
could be very accurate by measured with those inter- phase variation [8. 9] is limited to very small phase
ferometric techniques 131. However. for phase objects variation-in the order of a fraction of a wavelength.
suchahcontain fine structure, The concept of detecting large phase variation by
interpretation with the interferometric technique is differentiating and integrating to obtain an image
usually difficult, if not impossible. Frequently in the irradiance proportional to phase variation was pro-
study of phase objects of this type it is necessary to posed by DeVelis and Reynolds [10] and was sub-
produce an image irradiance which is related to the
phase of the object. scquently carried out by Spraquc and Thompson [II]with a coherent optical processing technique. They

The Schlieren technique [4. 5] and differential have been successful in obtaining an image irradiance
shearing interference microscopy [6, 7] both produce which is proportional to a large object phase variation.
an image irradiance that is proportional to the deri- However the technique is rather elaborate and the
vative of the object phase. Although the diffcrential phase detection is not a real-time operation. Moreover,
techniques provide visualization of shapes and sizes since the system utilizes a coherent source. the annoN-
of the phase objects. they are not able to detect the ing coherent artifact noise cannot be avoided.
detailed phase variation between fringes. Neverthe- Although the multi-beam interferometric technique [2]
less. the total shearing interference microscope is is able to produce sharper fringe patterns, the techni-
capable of producing fringe patterns superimposed on que cannot display the phase variation between the
a phase object. but the application is limited to eva- fringes with a single monotone fringe pattern. The

phase variation between the fringes is capable of
(*) Visiting scholar from Shaneat Institue of Optics and Fine being detected by simultaneously changing the vieA-

Mechanics. Academia Sinica (China). ing angle. reference beam, or wavelength of the
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amlight source. In a recent paper 1121, Roblin and Sherif and
ie,-rihed an ele tronic scanning technique, baed on

phase modulation interferometry. for detecting phase (2) G2 = 1 + sin (ho p,)
variation between the fringes. But this scanning tech-
nique requires complicated electronic circuitry and where 2 ho is the separation of the 0, and 02 ,
the operation is rather cumbersome. /,, = (2 rill/;., I and /, = (2 etal, I arc the spa-

in a recent paper we have proposed a technique of tial frequencies of the gratings. '., and .. are the red

encoding an extended incoherent source for image and grecn color wavelengths. a denotes the spatial

subtraction 1131. We will extend thc same basic opti- coordinate in the same direction of p. f is the local

cal processing concept to the detection of object length of the achromatic transform lens, and 0 is a
phase variation with a pseudocolor encoding techni- phase factor that we introduced. We note that 0
que. Since this technique utilizes incoherent sources, will play an important factor in the color encoding
high quality color-coded phase variation patterns process.
can be visualized. We stress that this incoherent pro- By a straight forward but rather tedious computa-
cessing technique may alleviate certain drawbacks tion, the irradiance near the origin of the output
of the previous techniques, and the processing system image plane P3 can be written [131,
is rather simple and economical to operate. (3) 1(x. y) = /,(x, Y) + ](x, Y)

= K{ I - cos [q',(x, y) + 01 } +

1i. - OBJECt PHASE DETECTION + K f I - cos [4)9(x. Y)]

where 1, and 14 denote the red and green color image

We will now describe an incoherent optical process- irradiances, p(x. J) is the phase distribution of the
ing technique for object phase detection, as depicted object, 0 is a constant phase factor that we have
in figure 1. From this figure, we see that two introduced (by shifting one of the gratings), and K is
encoded extended incoherent sources, each for a dif- a proportional constant. We note that the phase
ferent color of light (i.e.. red and green) are used for distributions (,(x. y) and (q,(x..v) are slightly dif-
the processing. The purpose of using a source encod- ferent because of the different wavelength illumina-
ing mask to achieve a point-pair spatial coherence tions. From Eq. (3), we see that a broad range color
requirement for the image subtraction operation coded phase fringe pattern can be visualized.
was discussed in our previous articles 13. 141. In color mixing analysis. we would use 1, and 1.

In pseudocolor encoding, we insert a phase object to form a 2-D orthogonal coordinate system.,as shown
exp[iq'(x. y)] in one of the open apertures in the in figure 2. The values of color mixing irradiance as a
input plane P2 and two sinusoidal gratings. G, function of object phase variation qp for 0 = 0'"
and G2. in the spatial frequency plane P3 which are I10" and 0 = 90. - 90" are plotted in figures 2ia)

. described by and 2(h) respectively, Since different wavelengths
(i.e.. red and green) were used in the color encoding.

(I) G, I + sin (h, ,, + 0). the color mixing curve as a function of q would not

ZIRCONIUM ARC
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lo fIII. - EXI'ERIMENTAL RESULT

45. In our cxperimnlls. a ncicury arc lamp with a
green filter (5 461 A) and a Zirconium arc lamp with

S36! / a red filter (6 32R A) were ted for the color light
/'s(Iicsl . ilie inliensily raiih, of Ihcc twi c(lo( r lights

6 ,\ / was adtjustcd io unity with a variable beam splitter.
61 " , " w .: . l',v .(() %how,. a Ilnio tl oniC II iiigc paltern of a

0-. "phase object obtained with this incoherent processing
,technique. From thi figure we %cc Ihat detailed phase

"" /1 "0* 15Variation between the fringes cannot be perceived.
I 2/ ... Figtu,e3(b) was obtained with the multi-color tech-

nique as described eariler. The phase factor 0 between
2 2 o"_ the diffraction gratings G, and G2 was set to approxi-

0 . 1, 4 1.o Ualely 91". Froin ihis ligiie. we scc iliat a n ulilicolor
phase fringe pattern is formncd so that considerably
more detail of lic phase varialion between the fringes
can be observed. For example. between the two
yellow color bands. there is i color variation from

.0. .. 8 0-o yellow-to-red-dim yellow-green-and back to yellow
Y. c - -- again. The phase angle between these two color bands

/35" -is 36t0-. 11 we reler to the color mixing curve of'
.8 figure 2(b). then the phase variations corresponding

to the color bands shown in figure 3(h) are
(i" - " -- 225" - -- , 30'. Therefore we seethat there is a positive increasing phase variation from
the tipper yellow hand to the lower band.

.4 Figure 4(a) shows another monotone phase fringe
Y, \ pattern of a phase object obtained with this technique.

in which detail of the phase variation between the.2 36* - o .fringes cannot be determined. For example. if we
I- -L- st;/ -take the cross section along the line A-A of the phase

.2 4 .6 8 1.0 - object between the two arrows, as shown in the figure.
then there are four possible phase variations that may

F.2.- Color enroding mi.ving curves. (a) 6 0, 1. N be interpreted, as shown infigure 5. With a monotone, FiG. 2.erpretedn.dn inin frigure 0= ",18".(b
9(.inge pattern it may not he possible to retrieve the"actual object phase variation. However. with the

multicolor phase fringe pattern of figure 4(h). we are
able to identify the detailed phase variation between
the fringes. To illustrate, if' we take the same crossgenerally be closed for every 2 -r cycle, as shown section A-A. then a sequence of color bands from left

.I in the figures. In other words, the phase detection is to right. i.e.. green-dim yellos-red-yellow-red, can
more accurate within - r < P < r be observed. Referring .o the color mixing curve of

We would now consider a few cases of the color figure I(b). this sequence of color bands

mixing procedure. For example. if 0 = 0. the locus represents a sequence of phase angles of

of the color mixing curve lies near the 45" degree 315" --, 2q; -- Ix0" -- 910' -. IX)' . Thus this region
angle of (1,. 1,) coordinates as shown in figure 2(a). represents a phase depression object, which corres-
There is no significant color change in this region to ponds to the case of.figure 5(a).
distinguish the object phase variation. On the other
hand. if 0 = 180". the locus of the color mixing curve
lies near the - 45" degree region (i.e.. I, = I - 1,,) IV. - CONCLUSION
of the (,. 1,) coordinate system. yielding a broad
range of color variation. However. in this region it is In concluding this paper. we would note that. obiect
difficult to distinguish a positive from a negative phase variation can be visually studied by a color
phase variation (i.e.. + (p). If we let 0 = 90". the locus coded incoherent processing technique which uti-
of the color mixing curve extends outward around the lizes a modified complex image subtraction scheme.
edges of the (1,. 1) coordinate system, as show;n in The object phase distribution within the range

, figure 2(b). Thus it provides not only a broad range - < p can be detected with less ambiguity
of color coded phase variation, but it also provides using this multi-color coding scheme than bx using
two different sequences of color coded bands. so that a monochromatic scheme. This technique ofiers the N
the positive and negative phase variations can be capabilty of detecting finer detail of the obiect
detected. In other words, this color encoded techni- phase as compared wkith the other interferometric
que is capable of displaying finer detail of phase techniques. Since inexpensive incoherent sources are
variations, including both the positive and negative used. the multicolor technique max oiler a '%ider
phases. range of applications. In the case of microscopic phase

7 - -
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YELLOW

RED

"' DIM

YELLOW

L lization - it may be. used in other fields as well
FiG. 3.- A color-coded object phase variation. (a) Monotone study of birefringence and interference figures in

phase Yringe pattern. (b) Color-coded fringe patten, polarizing microscopy and crystallograph) ; distinc- .

tion between compressed and stretched photoelastic

a reas analysis of the aerodynamic pressure varia-
tions examined inside a wind tunnel by the stereoscopic
technique: analysis of wavefronts to test the aber-
rations of optical system: and others.

We wish to acknowledge the support of the U.S.
Air Force Office of Scientific Research grant AFOSR-
81-0148.
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Coherence requirements for partially coherent optical
processing

~S. L. Zhuanri and F. T. S. Yu

The mutual intensity function for a partially coherent light is used to develop an expression for the output
intensity distribution for a broadband optical information processor. The coherence requirement lor

smeared inage dehlurring and mage subtraction is then determined using the intensity distribution. W'e
also quantitatively% show the dependence of coherence criteria on the spectral bandwidth, the source size.

debiurring width. spatial frequency. and the separation of input obiect transparencies.

I. Introduction white-light source) with an intensity distribution

Optical systems perform myriad sophisticated in- y(x0 ,y0 ). The input plane P, contains the signal

formation processing operations using coherent light.)- :' transparency and also a coding mask (e.g., a sinusoidal

However, coherent systems are susceptible to coherent grating) if needed.' 2-' 4  Let the complex amplitude
:-P ai T.--a r. Se, which frequently limits their processing transmittance at this plane be t (u.v). Its spectrum ma"

capability. The use of incoherent light alleviates the then be processed in complex amplitude by placing a
noise problem. 4-7 usually at the cost of a lowered sig- complex spatial filter /(x,y) in the Fourier plane. The
nal-to-noise ratio due to dc bias. Various workers have theory of partially coherent light can be used now to

studied optical systems which employ (a) a totally in- write the output intensity distribution,' 6

coherent source&S or (b a broadband source with re- c XfC
duced coherence.'( The question to be addressed in the l , - y
paper is. to what degree can we relax the coherence re- -I ,-
quirement without sacrificing the overall results of the X T(x x X- ,:A)f(X,y I
processing system? We use Wolfs" theory of partially' fd. ,d- 1 ,I
coherent light to develop the necessary coherence cri- x exp'-. - ixL" - yi.y dx,Nd ..

teria for an optical processor. The results are used to
discuss the temporal and spatial coherence require- where S(W, and CMXI are defined to be the relative
ments for the specific problems of image deblurring and spectral intensity of the light source and the relative
image subtraction. spectral response sensitivity of the detector. respec-

, aThe nature of optical processing operations governs tively. Ttx,v:X is the Fourier spectrum of the input
the spatial and temporal coherence requirements nec- transparency for wavelength X of the light source. The
essary to obtain satisfactory results. As system con- integration is performed over the spectral bandwidth

r" figuration varies from one application to the other it is _X of the light source. X0 being its center wavelength.
desirable to develop a generalized function for the sys- In the foliowing sections we shall use the output in-
tem output intensity expressed as a function of the tensity distribution given by Eq. (1j to evaluate the
spectral and spatial bandwidths. coherence requirement for image deblurring and image

Consider the partially coherent optical processing subtraction of a partially coherent optical information
systemr"--1 in Fig. 1. Let the source plane P, be that processor.
of an incoherent spatialiy extended light source ii.e.. II. Coherence Requirement for image Deblurring

A photographic image deblurring technique
* emplovinc a white-licht source has been described in

previous papers. :3.:  We '.ad briefly" stated that the
Te autnors are w;. Pe n;ivann Ste U '... Lecrca. coherence recuirements depend on the smearec ienzth "

Engineering Depariten. L nirers:v, Fari.. Fenn s',iaia 0,,. O the object and the size and spectra. bandwidth c: tne
Receved 5 .Marcr. ' light source.- We shail now discuss the temporal and
,,-, -.- ' .-- spatia. coherence recuiremen:fcr iraze ei.'urr:nz:

-: 7 " -t'i -P:.ca .. C 2" NZ eE':

-*,. , - S € S -'- . . ,, .,, - .,,- -, ,-, - ,, -,- -. . -, . . -, .,, .,, - - . .,, - -, - - '



A. Temporal Coherence Requirement 
2 ,

We consider a spectrallY broadband point source for L 1
which the intensity distribution can be expressed by a
Dirac 6 function, i.e., y(x,,yo) = 6(x 0 ,V 1 ). The spectral ,1 //
distribution is uniform over the bandwidth Is(A) = k, , /Jo ,
a constant]. If the smeared length W is known a priori,
the output deblurred image irradiance can be derived - f - -

from Eq. (1) as Fig. 1. Partially coherent optical processing system: P1 . source

I'A, plane; P,. input plane. 'k, Fourier plane: P:,. output plane: L. achro-
0(U'"0 = J A(u'tt:X) 2dk, (21 matic lenses.

where X, and Xh are the extreme lower and upper Iu rectlu/W. (4)
q wavelengths of the light source;

[ 2 r ]T x , : )X 1 = .7 1t t u a , ] = s in c , ( 5 )

Af'.'AX) T(xNy:X)f(xvy) exp j (XU' +YC Tdxdv:A (37]id) sn
Ai.I " _f I where f is the focal length of the achromatic transform

is the output complex light distribution of the deblurred lenses, and"" image due to wavelength X; T(x,y;X) is the Fourier

.10. spectrum of the input blurred transparency t (u.v) due rectwm d t = I( oUthew/2, (61

to X: and f(x,y) is the deblurring filter. herwise.

We note that, if the input blurred image is superim- The deblurring filter is thus
posed with a sinusoidal phase grating, the blurred image _ _

spectrum will disperse into rainbow colors in the Fourier fix:X,,c T = -7

plane thus allowing a stripwise design of deblurring sinc (
P. filter for each narrow spatial band in the Fourier plane.

It is evident that the temporal coherence requirement where A( is the center wavelength of the light source,
is limited by the narrow spectral band (i.e., narrow strip) and for simplicity we have adopted a 1-D notation. The
of the deblurring filter. If the input object is a linear corresponding deblurred image is given by
smeared image, a fan-shaped deblurring filter can be
used to compensate the wavelength variation. 3 .5 -_ J x. k TX
Since each of the narrow strip deblurring filters is spa- I
tial frequency-limited over a narrow spectral band. the = rect(u'/W). 3' ( exp-L t x')6x. (81

coherence requirement for each narrow strip filter can sinc 2
be equivalently analyzed as the case without the input
phase grating (i.e., the coding mask). where - denotes the convolution operation. By a

Since the image deblurring takes place at every image straightforward but tedious calculation. illustrated in
point the linear blurred image transparency may be the Appendix. the deblurred image of Eq. (8) can be
represented as shown to be

t'4 + nk. 2-rn X,,
-N -1 , sir.- sin - u'-sgnu'i, for iz4 > li '.

, . A AIV-- (91 X

, '( 1;7:- COS COS 7 -
s - o  

L. for " <W .

where the series converges for 2m >> 1. In the final
result it can be shown that the output image irradiance

Vis given by
I"IL. '.AAi = __ 0 , ' '_ -1 .... (31hA" cosic,,,ti. I, 0)

-X ' C C1  
IL. ')t] - 6 ic, u')] IP,-: sinjc,. 14'a X,

- , n ')X]: - 6 [c I,:' 
1  

' cosic . I IXA]

- A: to ,PSc ,- 6 icL.-to')3 SiIA0  - SiAL b I]6 . for l'i > U '2. 10'

oX"t

I:'lL...Ai = 2"1  '- _ ,-__ , (61c , ' I. Si.,\ , - Sii\. 1I

- 6iC,.. ,'-] 'X : cosic .,.' A - .: Coijc, . A-':
- 6 ,. ) I nC ' , - , 0,7..... 1",)),-.
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For these equations, note that

k=Xo/(Xo AX). (12) 0~~ .

siny .
Six) A &) 1

a, M.W) - rn - n'( - 2u'/W),
a( 3'(L') - r(f - ,i'HI + 2u'/14),

a-t' - *~ + *M - 2u'/14')

0.0,, l rd(r +fln(10-+2u7W). _______5__

- ~ ~ ~ ~ Fg 2.(f Output2~/Hi.( intensity distribution of the deblurred image. Ax.

and 2 U,)_ 71 n0 -2u'/W) n'1 +2u' W)spectral bandwidth of the light source; W4. smeared length.

c'4.-u)= irfn(1 + 2u'/") - ni'(1 - 20 M]W~,

a (nl -') = r n 0 - 2u/ W) + ni'(1 +4 2u'/W) ],

=ls.V - In)] + 2u'/") + n'(1 - 2'WWI. (M6

Eutos10(1)provide the mathematical basis :E 04.
fortheevluaionofthe temporal coherence require-T
mnofaserdimage deblurring process. Plots of

the normalized deblurred image irradiance, defined as 02~
a function of i' and the bandwidth AX, are shown in Fig.
2. X0 = 5461 A was used for the calculation. It is evi-
dent that if the light source is strictly coherent (i.e., AX 0 0 10

=0). the deblurred point image is infinitesimal. Also speciroi Sono.0t5 ~.C
note that the degree of deblurring decreases as the
temporal coherence of the light source reduces. The
deblurred length A W represents the spread of the de- Fig. 3. Plots of the deblurringwuidth L"'as afunction of the spectral
blurred image irradiance. It is formally defined as the bandwidth of the light source LX for various values of smeared light
separation between the 100/% points of IVu). The de-
blurred length AW can be shown to decrease mono-
tonicaly with Lk. Plots of AWA as a function of the
spectral bandwidth AX for various values of smeared
length "'are shown in Fig. 3. It may be shown that the

*deblurred length Ali is linearly, proportional to the
smear length W for a given value of AX. The greater
the smear. the more difficult the deblurring process. In Table 1. EtlecI of Temporal Coherence Requirement
principle this may be corrected by decreasing the ~ ~ ~ 11
srectral bandwidth of the light source. Table I nu- '0 400 E4 0 750 99c,

a- merically summarizes the preceding analysis. The
value of AX can be regarded as the temporal coherenct
requirement for the deblurring process.

E . Spatial Cohlerence Requirement
The relationship between the source size and the

image intensity distribution is the key factor in the IL') Jrectto'As)AI'o:X)Fxo. (181
calculation o- -,he degree of spatial coherence requir e-
ment for a particular image deblurring system. *The where
following analysis assumes a I-D processor for sim- 2Wc:X x) C ,

Assume the intensitv distribution of the light source 1 -
is civer. ov =~ A.1, ...

Ifan extenoed mnioc*-hrmatic lirh: source is used, the and - denoiez the con-olution operation.
-~p~~.,tenS::%* .;5tbulco o: Eq. becomes Ecuatb on 1_e can be recuced to f orm o:

J! jUk 19E,^ '0o 211 NC 14 ADDJED 0=71CS 2^56e9

k~ N V
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(2fXo i-i )lflexp(j2rau'/W) Jexp(j 7r n i) sinc(a + n) - exp(-. I 2 u ' sinc(a - n)l for )u'l > W/2.
n°-1 Ior u'i wW//

A(u'xo:\) " . - (-l)n exp(j2au'/W) I1 - expLj2'r(a - nhu'/W] cosria - n(: (20)

+ 1I1 - expj21r(a + nu'/W] cosr(a + n)), for ku'I < W/2.

where ar= xoW/(Xf).
By substituting Eq. (20) into Eq. (2) and performing and

the required mathematical evaluation, the deblurred S~ m.As) S ir(2u'/w± 1)[,iA.) +
image irradiance is found to be (a) for Iu'j > W/2: - Sr(2/14' I ))i(As) + ml:

- Si1r(2U'/14' ± 1)[-(As) + m11.
11/ 1u.,s) 16141" , (X cln - (28)147r -- _ _ I(,( s o l.rn - nM/]C r .As) = C,!I 12u'/14 ± 11 j (.'xI + m I I

14' (
2  

- Crl2u'/V' I -ZiAs) + m" +-12), l As'..) cos[2rln + ni') /'/W 1. (21)
Thus the spatial coherence requirement of an image

maNte thatdefin this equation, the following parameters deblurring process may be evaluated by using Eqs. (21)
m e iand (26). The output intensity distribution of this

Sj(.r.As) = S, 12rj[(A0 - m)J - S,12r[-'(As) - ml. (22) process is plotted in Fig. 4.
In addition define Recall the definition of the deblurred length AW

stated to be the separation between the 107 points of
-% C.(m.s) = C, 12r 16(As) + mIl - C,[2r1i(s) - m, (23) the image irradiance 1('. Figure 5 shows the plots of

where AW as a function of the source size As and the smear
length W. From this figure it can be seen that when the

Six sin8 spatial width of the light source increases beyond a
Silx f= --.6 critical size As,, the deblurred length becomes inde-

C,(x= -d, (24)

5(As) = LSWI(2),

and
........... )=............................... ... /.,,....

n - n In -+ (xU'.. .

- J(-1)"C, tr. .As) - -1 I ' (25)

r2 .i02 t O 0
C. 4 (~s=-~-I __I_-_I C1. ASr. - C. -&02 C on a- 00 hS.L

Fig. 4. Output intensity distribution of the deblurred image for(b) for -:5 W/2 we may similariy show various values of the source size -1s.

+" - C'. (.15) n ' - n)U,'W]

wh re. cos ,- nL.',, "
- .. . . ..cosi2er, -r r, IL,..' '. (26i

wh e r e 
2 : I

n- C 2 * 
N. 1 A-.A

ir7

:;; r~_ ;- --. h,

- --.. . . .-*. ,,, C ,: ,
"

r. - " i- - A.,, ' " " *



45

pendent of .vs and equal to W. Table II provides a brief Tbl It. Ellbc of Spatial Cohlerm Roiu

numerical summary of the key parameters for the de-
termination of the spatial coherence in image deblurr-
ing. From this table it is evident that the spatial co- As MM
herence requirement is inversely proportional to the -'20 1/15 1/10 1!5

smear length W. That is., the longer the smearing
length, the smallE r the source size is required. 0.5 mm 0.2 .3S 0.6 0.92

1 mm 0.1 0.18 0.26 04l
Ill. , Coherence Requirement for Image Subtraction 2 mm 005 0.0 0.12 01F

Wu and YuIFS have reported an image subtraction
procedure employing an extended incoherent source
and a source encoded mask. Here, we shall discuss the
temporal and spatial coherence requirements of the
image subtraction process and show that they depend
on the size and spectral bandwidth of the light
source.

The output intensity distribution can be derived by
calculating the propagation of the mutual coherence
function through an optical system that utilizes an en-
coded extended source. With reference to Fig. 6 the
encoded source intensity distribution may' be described
by

Nl

"Y(ao,Yo = rect(xo/d) 6 " (xo - nD), (29) i _ _ _

where - denotes the convolution operation, D is the
spacing of the 2N + 1 encoding slits, and d is the width
of each slit. Image subtraction is essentially a 1-D _
processing operation and will be analyzed as such.. /

"-, The encoded mutual coherence function at the input , -

plane P1 can be written

jJw, - L 2:x) = YixO,:,o) ep (Ul -U 2)Xo dxo, (30) ~ ~i~f 1_ .... ... .
or, in regard to Eq. (29),

V .2] Fig. 5. Plots of the deblurring width as a function of the source size
sinc exp -- (ul IU nD • for various values of the smear length W.

(31)

i As shown in Fig. 6 two object transparencies. A (u) and
Btu). are placed at the input plane P1. These can be
represented by"

rul = .4w - H) - B Hi. (321

where the separation between transparencies is 2H.
The mutual coherence function in the P,, plane is simply
the Fourier transform of Jo u: - u-,:X convolved with
the spectrum of the amplitude transmittance function
:t ). The image subtraction process requires that a
sinusoidal grating of spatial frequency :C be placed in
the Fourier plane. Thus the mutual coherence function I c
behind this grating is given by . "

' -'=J -- ~- - _ " .,_ ! ..

X C . 33, • / * / •

A final Fourier transform operation due to waveiength
> i1 give the intensitv distribution at the output plane . .. . .

(?_ .J:\ e -[ i z :ri ... F E. Pa:is., co.'eren : o'ica. C' -~c.rz 'v'ce-.. :r'.-.asC .S:2

-J ,

Z,,N: L..

p..-
• '% % + % % % ° % i ""% % %" • % % '% % % • % ' " '% + % %'i'" 

''
" 

% "  
" " * "; L

.. . .... ...~~N % t, '.I l' e ,' i, ~ i #" ,i , i+ €,
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i/u' \) NIIA(u' - H)! 2 
+ 'Btu -+ H) 2! + -12 sin(2do(4

X RelAu' - H + f( 0)Biu" + H - XfwoJ) - IA(u' - H + Xfo111

IB(u' + H - ,fwo)12 - IA(u'- H - ,fw 0V(, - IB(u' + H + XfW,),/ 21.

~ where Re denotes the real part of ). From the above
equation we see that there are six diffracted image terms A"'w') = d'A u')1du",
at the output plane. If we only consider the diffracted (401
images around the optical axis of the output plane, from B t u't', = d"B(')/du'.
Eq. (35) we have we find that

]°)u'; lAw' - H + \Iw,,)-
2 _2 d sinc(2dw0 ) I'0 l =JAu'4

2 inc(2duAW')Biu' + !Bw) 2 -u)l,
X RelAiu' - H + Xfwo)B(u' + H - x/wo)]

+ IB" W+ H - Xfw(o)1 2. (36) + -

where w0 = H/X.
If the slit size d equals zero. the analysis reduces to - sinc(2dwo)B""u']

the case of strictly spatial coherence with the intensity x lA(u') + Bu'f] AX)-1
distribution given by

I' X ) Jd . = JA (W ') - B u')12 . (37+ -
,= m m . 11m - t", rn + Ilr)rtl "'

ifr, - ' even

Equations (36) and (37) show that a high-contrast (I

subtracted image requires a strictly spatial coherent
system, and that the image quality will decrease as the (uom ('lA ,du')A -="u')

,' ' slit width d increases. - (-1)"' sinc(2dwo)A "t u ')B' ' '
&
u '

To analyze the case of partial coherence assume the + - BV)'B=9wl)(.X) . (411
light source has a uniform spectral bandwidth and that This equation shows that a high-contrast subtracted
the spectral response of the detector is also uniform Ii.e., image can be obtained with object transparencies of

* s(X) = k; C(X) = k]. Then the image intensity distri- moderately low spatial frequency content. In addition
bution at the output plane may be given by*mdrtl o pta reunycnet nadto

this equation may be used to compute the spectral re-
. "A(' - 2(o) quirement of the light source.
-%f'w2 An example analysis will be presented to develop the

X Re[Aiu'- X'fwo) modulation transfer function (MTF) equations. These
x B u - V'f,),] IB~u'- X'f, o)!2idX'. (38, will be used to determine the temporal and spatial co-

herence requirements of the image subtraction process.
where X' = X - Xo. Xo is the center frequency, and LX is Assume that the input object transparencies are given
the spectral bandwidth of the source: wo is the spatial by
frequency of the grating. Equation (38) may be sim-
plified by using a Taylor series expansion for the input AW- = 1. Btu) = , I - CO cos(2-i)]. i421
object functions. Thus for where Co is the contrast of the sinusoidal grating.

In the case of strictly coherence (i.e.. .X = d = 0i the
AiL.- X'fo, A,,')-, :- ] Al' 'iuo .  subtracted image produces a contrast reversed imagem-: rnl.

(39 with intensity distribution
B .- X fu B'. - ' -  "LBImq(')O,'iUO-,

,7.: m.7otu'. = [Ak-',- B"u;!. (431

where
C', Cor

' ': l I 7o~u" =  
C t Ccos!2rz'- Cos:, (2:.e; 1 441

h. - For a partially coheren- case due to Ec. (6S). the in-

\ s .. o ; - ¢I- 
=

[ ic2 l 0 ]x - : l 1

-" C;

" > no the addition 0e ia scnd hronit e
C Noe th addtior ofL second harmonic -,erm,

Fig. 7. Apparer.: ouatior transfer funcUnorC o a parl;a:1, 1coC- i' to the basic :requency. Tne N1F iZ
.one .:r : ar s-m a ::c . a nas;c :re-unc.. ".c.c c e::nec a 1 n razio C- :e con:raz:- o. 7ne inp,:, anc

7. A n. ,C r0n,0.4a C t.Nec-ZS. - >-r- a7- zv

0-7C V.2 . : l 1 -l 9 -
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1.\. 1- 2 snc(2dwo)] (2 - C0 sinc(fuw.A) 4) E

evIoMTF 0 - snc(2dwo l
(2 - Cri sin(2fww(.LX)

MTFf2u-) (47;) 3
10 - CO- 8sinc(2dwo) 14,

As previously stated Eqs. (46) and (47) will allow the
evaluation of the temporal and spatial coherent re-
quirements for image subtraction.

A. Temporal Coherence Requirement

The case of strictly spatial coherence will be discussed 0 50 0 ,5 0 25

first. This requires that the slit width d approach zero. Sc,,o Bonod 6),o, (!()
Equations (46) and (47) will then become

Fig.8. Relationship between the cutoff frequenc wand thespe(-
MTFiw) = sinc(fwwoAx). (48) tral bandwidth of the light sourc .AX for different minimum desirable

MTF(2w) = sinc(2fwwAX), (49) contrasts C.

The normalized MTF curves of the basic and harmonic
frequencies are shown in Fig. 7. It is obvious that the
contrast of the subtracted image decreases monotoni-
cally as a function of the object spatial frequency.
However, the MTF of the subtracted image decreases
as the spectral bandwidth of the light source increases.
In other words the quality of the subtracted image im-
proves as the spectral bandwidth of light source and the ,
spatial frequency of the object decrease. -,..

Let w, be the cutoff spatial frequency where the MTF
decreases to a minimum value C, as shown in Fig.?.
The value C, depends on the maximum resolution of C 5C DC ,o, ,
the output recording material. Figure 8 shows the specira boriawCar. ax

functional relationship of the cutoff frequency c, and
the spectral width AN for various values of Cm. It is Fig. 9. Relationship between the cutoff frequency and the spectra]
possible to determine the spectral bandwidth require- bandwidth of the light source _X for various values of separation P.
ment AX from this figure. The relationship between 2H is the main separation between the input object transparencies
the cutoff frequency c,. the spectral width _X. and the
separation between two input transparencies H is shown
in Fig. 9. Note that the spectral bandwidth required
for a given cutoff frequency decreases with increasing Table III. Temporal Coherence Requirement tor Ditterent u:, anC H.

separation H. Table Ill illustrates the dependence of
AX on ,y and H. The focal length of the Fourier M . 4 .

transform lens selected is / 300 mm for calculation. Hm
It is clear from the table that. as the spatial frequency , ,
and object separation increase, the spectral bandwidth. :7_
of the light source must decrease. :, 1(, 7 -

B. Spatial Coherence Requirement

Consider the case of perfect temporal coherence (i.e..
- X = 0 and partialiy spatial coherence. where Eqs. (46
and (47 are of the forn

MTF:

-Note that the MTFs are independent of the obiecfs o. -

spatial bandwidth. The above eouations are. however.
dependent on the slit width 6. This requires tha- the Ihe

OP grating be preciselv designed to match the separatiorn
of the object transparencies. i.e..

e D' o c, a. o. n... . . . .

r -P P__ r
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and (51) are shown in Fig. 10. it is obvious that to ob- Table IV. SOurce Size for WA&" SUbaO, n Unde DtffreM WS an
tain a high-contrast subtraction image the separation sii M

H must be reduced. However, decreasing the separa- dm tu)0.
tion between the object transparencies limits the size 507 .of input objects to bc processed. The relationship be-

i tween the MTF, the object transparency separation H, 0.1 0.0076 0.005 0.oo38
and the slit width d is numerically presented in Table 0.3 0.0052 0.0035 0.0026
IV, where the focal length of the Fourier transform lens 0.6 0.0031 0.002] 0.0015

was assumed to be 300 mm.
Note that this table indicates the necessity of a very

narrow source size to achieve an adequate MTF.
However, to obtain a high-intensity narrow source size
is difficult to achieve in practice. The problem can be
solved considerably if source encoding techniques for
image subtracting are used . 17 8  .F

A multislit source encoding mask is used for this il- 0- " ormoni¢ Ftraueccy

lustration. The spatial period of the encoding mask 1c- / Baic Freuency

should be precisely equal to that of the diffraction 2 04.

grating G (i.e., D = 11w0). The spatial coherence re-
quirement, although independent of the slit size, is o.,
governed by the ratio of the slit width to the spatial 0 0. 0.2 0.4 0 .5

period of the encoding mask, i.e., d/D. The ratio dID d/D
must be relatively small to achieve a high degree of
spatial coherence. The dependence of the MTF on dID Fig. 11. Relationship between MTF (W), MTF (2w). and the ratio
is shown in Fig. 11. It is obvious that the subtraction of the slit width to spatial period d/D.
effect ceases when the MTF approaches zero, i.e., dID
= 0.3. A few numerical examples are presented in
Table V.

Table V. Spatial Coherence Requirement for Various dD
'. IV. Summary dOD 0.05 0.10 0.20 0.30

We have shown that the temporal and spatial co- MTF 0.85 0.5 0.1.
herence requirements for some partially coherent op-
tical processing operations, namely, image deblurring
and image subtraction, can be determined in terms of
the output intensity distribution. For image deblurring atively higher MTF 0.85 can be obtained. Compared
the temporal coherence requirement depends on the with the image deblurring operations. the coherence
ratio of the deblurring width to the smeared length of requirements are more stringent for the subtraction
the blurred image. To obtain a higher degree of de-V process.
blurring a narrower spectral width of the light source process.
is required. For example, if the deblurring ratio wiw ially, thersolution to the re ce t for
is 0.1. the spectral width. -1X. should be <640 A. partially coherent processing is no restricted to the

For the spatial coherence requirement the image application of the deblurring and subtraction operation.
deblurring depends on both the debiurring ratio . w/w but may also be applied to any other optical processing

and the smeared length w. Lf the deblurring ratio ww operation.
= 1/10 and w = 1 mm. a slit source <0.26 mm should be We wish to acknowledge the support by the U.S. Air
used. For a smeared image deblurring operation the Force Office of Scientific Research grant AFOSR-Si-
constraints of the temporal and spatial coherence re- 0148.
quirements are not critical, which can be achieved in
practice. Appendix

For image subtraction. the temporal coherence re- To prove the following relationship:
quirement is determined by the highest spatial fre-
quency and the separation of the input object trans- f - XL ,.-
parencies. If the separation and spatial frequency of E I-- / i W 7
the input transparencies are high. a narrower spatial Acn I
bandwidth of the light source is required. 2nX

For spatial coherence requirement, the modulation x : isgzwlu.
transfer function. which determines the contrast of the
subtracted image. depends on the ratio of the slit width -el,
to the spatial period of the encoding mask. i.e.. d/D. If wele x,\/=f. and X/,- =,'.
the ratio diD is low. a higher contrast subtracted image The probiem -her recuce. to fin-"n- the sotuorn

A can be obtained. For example. with d D = 0.0r. a rel- for

2594 APPJEIE O-T;.S Vol. 21, NC. 14 1" juk, 19E2

pi



Since there are an infinite number of poles in the real
domain, i.e.,

Ix - n /1, n -1.2, (A31

Equation (Al) will be evaluated for the cases of ui' > 0
and u' :5 0. The contour integration, which istaken-4L ;1 1",QLr

over the upper half of the complex plane (see Fig. 12). F.,g. 12.
is given by

is : : . + + S nTifX ) exp(-j2rfxu')dfx = 0.(A __ __ _ __ _ __ ___1),

where x is the radius of the small half-circles around the/
poles, and R is the radius of the larger contour half-
circle. Denote

z = R exp~jOA, dz - jOR expUO dO. (A5)

The last term of Eq. (A4) may then be written
Fig. 13.

SR /n~X) exp(j2-.fxu')dfx rz exp(j2irzui)dz

f-2rR
2 exp(j2-,.Ru' cosh) expi-2rR sinou')O exp(2j6)dO

Sk expDwrllcosP + j siM- expj-jriRtcost + j sinOl )

so that
d r -i; References

zr exp(j2rfjxu')dfx = 0. (A7)
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Nproaches infinity, cnd Hoiojrcph% (MIT Press. Cambricigt. 19731.
2 . A, V a nde-. Lu gi. I EEEE P:1roc. 62. i 13 9-1 297i.

-- sn;xIexpl,2 jxu dix = ~ :R,. i8 4. G. L. Rogers.Opt. 1ase.Tectinol. 7. !53 i975j. Po.IE

where 1217)
6. K. Brorniey. Op.. Acta. 21. 35 (1974).

R / --i.2 ep :-z' - exp(,i'nLu 1 7. G. -. Rogers.Nonconeren: Ojp::ca' Fhoressrtg V1 uie\. Nev York.
s= i% I ~ ~ = 2' (A91 - i

Therefore. 4 .Lowenthal and P. Chave". in h-ocerc;rr.. ]CO Jcrz.s c. i!;-6
Thereore.Cor Jrence or Hoiog~ac-n% Cand rj: :ICa. Proces;s:r;. E. Nlarorn.

r..~~x~f A - ~ ~. Friesern. and E. Wjener-Avnear. Ecis. iPergamon. Nev York.

-Sir.: I t
fcL>0. (A1iO 9A. Lohmarnn. App'. Opt. 16. 263, 197>-

for ~~ 1. EN.Leith and T.Roth. App:. Op: 16 265277.-
12. . Born and E. Wo'lf. .Pr~rc:pie5 c,. O)z:c 'Pergamo.. Ne%\ York.

The contour integral taken over the lower half of the ,9

plane as shown in Fig. 13) is similarly- given b% a. -. 1. S. Yu. Opt. Cor.. 2..2 197
I 15 F. T. S . Yu. Appi. Op-, 17 357! 1197
i___ -, T. -: Yu. Proc. . c Ph w- m lnt% itr 232. :9t-

fx ex,r, n Sir L . 2? .L nuang. 7. H. Cnao. arnd F.: 7. Zu Crt. et I.

iIor . < E D y ;na an.-: J. W Goocrnar.. / C::. -So:.Arn 67.7
:7L ZrUarnZ. ar-- S P7 -A: 9.

The re su,-, of Ea s. 1'"(u an r; A: 2 -hu prove :a, nh
~: Ec. A riulc' :ue. . . \~: A: - ~ - -

6m ;tW~ POO~#* j LA A** h 
%.%



5o

SECTION VII

Apparent Transfer Function

I
if;t



Appl. Phys. B 28. 359-366 (1982) 
51

-~wPhysics B 0-6
© Sprinper-Verlas 1982

U
Apparent Transfer Function for Partially Coherent
Optical Information Processing

S. L. Zhuang* and F. T. S. Yu

Electrical Engineering Department, The Pennsylvania State University
University Park. PA 16802, USA

Received 5 March 1982/Accepted 3 April 1982

Abstract. In this paper, the general formulations of the apparent transfer function for the
bpartially coherent optical processor will be derived. Although these formulas show that the

apparent transfer function is dependent upon the degree of spatial and temporal coherence,
there is actually more variability in the spatial coherence. We note that the obtained

Sformulas may also be used as a criterion in the selection of source size and spectral
bandwidth of an incoherent light source. Thus a specific optical information processing
operation car, be carried out with an incoherent source.

PACS: 42.30. 42.80

The description of a transfer-function for a linear coherence regime. Nevertheless, using a sinusoidal
spatially invariant optical system is an important analysis, an apparent transfer function for a partially
concept in image evaluation. The techniques of using coherent optical system was obtained. The result is
amplitude and intensely sinusoidal objects as input appreciably different from those that would have been
signals to determine the transfer characteristic of a obtained from a linear system concept, either in in-
signt sa yst conaept,
coherent and an incoherent optical system has been te or in complex amplitude in a moredrecentinvestigated previously [1. 2]. In the past. the concept paper. Dutta and Goodman [5] described a procedure

of system transfer function has been used as a criterion for sampling the mutual intensity function so that the
N to evaluate the image quality of an optical system, image of a partially coherent object can be

However. a strict coherent or incoherent optical field is reconstructed.
a mathematical idealization. An optical field that In this DaDer. we shall show that an apparent transfer
occurs in practice consists of a very limited degree of function for an optical information processing system
coherence. because the electromagnetic radiation from can be derived from a partially coherent illuminator.
a real physical source is never strictly monochromatic. We shall show that the apparent transfer function of a
In reality, a physical source cannot be a point, but partially coherent optical processor is dependent upon
rather a finite extension which consists of many eie- the temporal and spatial coherence of the light source.
mentary radiators. We shall also show that. the concept of transfer
The optical system under the pa-tially coherent regime function is a valuable one that car. be used as a
has been studied bv Becherer and Parrent [3]. and criterion for selecting an appropriate incoherent light
S,-ang and Clay [-3. They have shown that there are source for a specific inrform'ation processing operation.

difficulties ir, applying the linear system theory to the
evaluation of imagery at hi h spatial frequencies.
These difficulties are primarily due to the inapplica- 1. Apparent Transfer Function for Temporal Coherence
biiitv of the linear system theoryv under partially In a recent paper [6]. we have evaluated the coherence

requiremen: Ior a prt aliy coherent optical infor-
Visimun scie-us: frmc= Shanghai Or:ica. ins:treen: Researc'r matior processing sysem. We have shown that the

In-:::e. S.-.a-- a:. c,:nZ teprn Z07a a.-d snat;a, co'ere:c: recu:rements are. re-

C-2:-':69 S2 002S 0359 S01.60

*pV V, %'i % %I
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X0 j rC xu

POp 3  Fig. 1. A partial]% coherent optical informationP1 Pt3 processor. (L: achromatic transform lans: p ,:

source plane; p,: input plane: p,: spatial fre-
f f f f -- -f quency plane: p,: output plane)

spectively. dependent upon the spectral bandwidth and ing, can be written as:
the source size of the light source. In the analysis of the
temporal coherence requirement. we have assumed an
infinitely small light source with finite spectral width, where w is the spatial frequency of sinusoidal signal
And for the evaluation of the spatial coherence re- and c is the contrast. For simplicity, we use a one
quirement. we let monochromatic source with finite dimension analysis. Thus, the output intensity distri-
extent. In the evaluation of the apparent transfer for a bution of Eq. (1) can be reduced to:
partially coherent processing system. we shall also use
these basic approaches. l(u',A1)= . . 7(xo)IA(xo.u': )dxod;.. (3)
We shall now evaluate the relationship between the _ A.,2 _
apparent transfer function of an optical system and the
spectral bandwidth of a light source. Let us now refer Ve.
to the partially coherent optical information system of A(x.tu'72)= f T(x. 2)f(xe e dx. (4)

Fig. 1. We note that a diffraction grating is used at the -
input signal plane (u. v). The purpose of using a is a complex amplitude function.
diffraction grating at the input plane is to disperse the In order to achieve a higher temporal coherence
input signal in the spatial frequency plane (xy) so that requirement for the complex filtering process. we limit
a high spatial coherence can be achieved in the Fourier the spatial filter fix,y) to a finite extension in the x
domain [7]. Thus the input signal can be processed in direction. i.e.,
a complex amplitude, rather than in intensity, with a
broad-band incoherent or white-light source. By using f(x)=rect X }" (5,
the partial coherent theory [8]. we have computed a JX
general output intensity distribution for the partially where Jx is the spatial width of the filter, and the filter
coherent processor. as shown in the following [7]: is centered at x=;fp in the satal frequency plane

Since the Fourier spectrum of the inpus paial aru the
. . (Xo. -o)s(-)c(-) spatial frequency plane p. is:

-- -II.-tx 0.x:'-.1=" , I - co w
j- --.

dxdyod., 1) .0 -cos Poule a u 61

where X0 and A/. are the central wavelength and we obtain:
spctrai width of the light source. (xo, yo) is the source X C , X
intensity distribution. s(;.) and cf;.) are the source Tix.x: ;c='. C 2-c_--
spectral distribution and the spectral sensitivity of the' ' /''

recording material. respectively. .f(x. ) is the filter - .'
function at the Fourier plane. Ttx.y) is the Fourier -

spectrum of the input signal and po is the spatial 1 x..- - ,x -x
freauencv of this diffraction grating. For simplicity. we / - o -

assume that both sl.) and c.1 are constants which can
C >,Xr -Xbe ignored in (11. We now use a sinusoidal input ob*ec, , . C

transparency to evaiuate the apparen transfer func-
tion of the optical processing system. The overall inpu" c X-x
sicnai trans-.::tance. :ha: inciudes the d ~ at: r. crat- -

IC
iP
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c x (-x where Al. is the spatial bandwidth of the light source.
4 .- , In the following, we shall attempt to evaluate the

C (x0 +x output intensit% distribution of (10) in the following
-6 4 ;+ + p +w) (7) separated cases:

where po > w. (i) for w< A the output intensit%, distri-

In optical signal processing we focus only the first- bution of Eq. (10) becomes

order terms of (7) in the following o

/ ( ] 'I W , AI

T(x°'1: , --. o -(P- ) If +14 cos(27 o su')+ +(ll)

+ x -(Pu+(V)). (8) where the image contrast for both basic and second
harmonic frequencies are

By substituting (5) and (8) into (4). we have: 4c

2 .jf 1)(0 ) =1I 
( 2 a )

A(x. u'. 2}-- rect . -O e - dx
S Ax and

- (xo x +pt, e -j -- dx "' wA;= "1

x rect e.;PO- j-i" x Ax
_'- I dx (ii) for Ax <o(0 < fj). we obtain

• + Po - e "f dx C. Ax

pI, A- .)
+ re e;". dx xIc;.

Letusno~asum tha the -inoen source is a.

pit +suc.ie.-cos (_r. cou')thus -;eos u ' (13)

= ;,l=rect J "X and

ex j:e: Te,:'( f. 4 fj. C ctjx - _. W-.A ',a)a,

C J'w= 0 (16

eJ (-f '"recl !,.' 4. 4 1 a

wee -enorctAteeaso oe ht o the caseluio ofrtin miioonox01b comtpon

£cosi:e7 t ect u t source. tn e z , Aa- To - %
Let us nom assume that the incoher-en' source is a

1 .5

point source i.e.. ;.JxO= bxO). thus ( ',Ibecom es 1 3(U ,. . ) 7 . (15)

,.L- lu. ;.d}.and

; .-C (4) ;' ' w0/- ' w . ( 1 6 1

CA

-re t
;.- J'i We also note thai for the case- ofmonoch7roInatiC poIIT

C ,, i  source. ,thoe pu i77ad~ance OSrD i s1
-- : ~cos 1", wu') rect• ,

- c ' 7: ( j " I - -
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MTF(w) UTF (w3

A,6k 200A [ AXI.56M AX, OMM

1.0 &O. 50

6x sool 8 6X,/o oM

A X -4.5 MM h)X.3001

3 o s,6 0.6

0.4 0.4.

0.2 0.2

4 S 12 Is 0 4 8 12 16 20

Spatial Frequency UIines/,mm Spatial Frequency (iines/mu)

Fig. 2. Temporal coherence apparent transfer function as a function Fig. 3. Temporal coherence apparent transrer function as a functionof input signal frequency w. for various values of spectral width .. of w. for various of spatial width of filter Ax

where Which apparent transfer function reduces to a function
4c of p0 and A;,., ~~( - ,8a)

(c- Wt now illustrate the dependency of the apparent

and transfer function upon the spectral width of the light

C' source A;, the spatial width of the filter Ax. and the
Y" 2-c (18b) spatial frequency of the grating po. Figure 2 shows the

plots of the apparent transfer function (MTF) as a
Because the apparent transfer function can be obtained function of the input signal frequency W for various
by the ratio of the contrast of the output basic values of spectral bandwidth A.. From this figure we
frequency signal to the contrast of the input signal, we
have Ax

I for CO< A

(2 +c2)(Ax - 2,fcol.o +rco;.) Jf.X AX

MTF(w) = - f' " for A <a<cI'Ax - 2fw;. o --. fwA;.) fX2;.0  A;. - f(2;. o - A;.)f(40-I A..4

for G2>-- (19)

Which is depending upon the spatial frequency of the
diffraction grating P.. the spatial width of the filter Ax.
and the spectral bandwidth of the light source A/.. notice that the MTF is not appreciably affected by the
We note that the width of the filter Ax should be spectral bandwidth A;. of the light source. except for
chosen to coincide With the product of the spatial some slight changes in frequency response. For exam-
frequency po of the diffraction grating. the focal length ple. an A. becomes broader. a slight reduction in lower
of the achromatic transform lens, and the spectral freauency response is expected. However. the system
width A. of the light source. i.e.. bandwidth is somewhat slightly broader. Figure 3

shows the variation of MTF as a function of w forAX=pofA. (20) various values of spatial width J.x of the filter and a

By substituting this relationship of (201 into (19), we
have

for wi<

tv Mrj-w - c;)(1o 2w;. 0-WJ;., - .C ,. -

(4A;.cuA cic I-

0'0
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MTF(wli
where As is the extended source size with reference to

P .50 p..o o e (4). we see that

1.0 AfW.xo)A*(u'.xo)= -rect

0.0 .- io lies/m 24 lAxj
+ (rect X ;..f a + rect - ;.0 fw

0,6 
t16 ( A x A x A X

+ 2cos(2nwu') recJ
4 0r

4+ rect ,x - , 0o f

0.2

+ cos(2r2cu') rect {Ax-02;.o.fwj' (24)

4 9 12 16 20 where we have used the following relationship

. Fuequenc rect rect Xb= rect [xa + b ' (25)
', Fig 4 Temporal coherence apparent transfer function as a function iI~

of w for various values of grating spatial frequency pt, By' properly shifting the coordinate axis (24) can be
" ? written asl x

given A.. From this figure we see that the system A4'x°(Aiu'X°)=4rect

or bandwidth is linearly related to that of the spatial C_ /0 X,__________
, width of the filter. In other words, the larger the spatial + rect fC} 2;. (I

width of the filter used. the wider the system band- 16 ( t I W
width which may result. Figure 4 also shows the + c xi +rect X,

* dependent of the MTF upon the spatial frequency of 4 AX A x-2 0.fwJI
the grating po" Again, we see that the system band- c x }
width is linearly proportional to po. as expected from - cos(2%2wu') rect 1Ax- 2,;.of " (26)

",-. the relationship of (20). In other words, a higher
: ' frequency grating has the advantage of achieving finer B, substituting (23) and (26) into (22). we obtained the

image resolution. However. this advantage of using a following output intensity distribution and the basic
higher spatial frequency grating is somewhat corn- and second harmonic frequencies
pensated with the use of a larger achromatic transfo-r. for 0<As <Ax- :;,.fcj. we have:
lens. to which is generally more expensive. AsI- - cos(2nwu')

"' 2. Apparent Transfer Function for Spatial Coherence - -cos(22Wu') 'As. (27)

Now we shall determine the dependent of the apparent and
transfer function upon the source size is. To simplify 4c
our analysis. we assume that the lirht source is mono- -C" =(2Sa)
chromatic but with finite extent. The output intensity
distribution of (31 can therefore be wntten as: cI :lJ w I (28b)

(u'.As)= f ccXo.4i(u.xo1( :dxo. ("2i 'ii, for ix -2.,fW<is<Jx. we obtain

P:.U'. --J 1 I J- _(Jx- fU)

For simplicity, we assume that z unifo.' :rradiance 16 16

distribution of the extended iih: source exis-s. .... - JC x-2 icos2ii)U')

__,. -:-

• ' .. re- .. "v - . . . 2.. • a,, -o- .2 , -29
.z.

'I .t ',,..,, ,"w_,¢,,', :,,': ,.'"; ', ::..... :.. ,'."-€ .€.,..' .. . .. . . . . .. .. .. .....- . .,,. . . . . . . . . ....: . . . . ..,%, .,%..
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ax-..0MM Ax.3.OMM

as - 002 hmm 0/ X-.

0.8 AS1.0MMAS. 1.0MM

O a x. 3.0MM 0.6.

a S.2.0MIA

0.20.

a 4 8 12 16 20 0 4 12 16 20

~~~aSpatial Frequency (l ines/MM)SptaFrqec is/m

MTF(2w) MF(w

a5.d.OMM 5.2.0MM AXISMAX30"

A AS. 1.0 MIA. AX-4 4MM

0.91 e~~AS. 0.02MMi x3.m .

0.6 0.6 AaLM

0.4 -0.4

0.2 0.2

0 12 i 16 0 4 a 12 16 20

b Spolicl Frequency dlines/MM) b S,-ctiol Frequency (linesm)

Fig. Sa and b. Spatial coherence apparent transfer function a5 a Fisc 6a and b. Spatial coherence apparent transfer function as a
function of input signal frequenc% w. for various values of source size fu~nction o: in~u,. signal freouencvw. for vanous vaiues of filter width
is. lai Basic MTF. (b) Second-harmionic NITI j,. ia! basic N' -I: ( ) Second harmonic %ITF

and Sc(ix - ,O w

~4s -, c:zJs - x- )I (w) x.Ca -an -jx- 4 .7

icr fo.- -~.w we have:
QV (ii'lfor dx<J5s<Jx-:.Ofw. (261 becomes

.1 c-* C
3) , 11 C - ~ - i - ~Ix-.fwC-loS2%,wU,

-Ix-.wc S w U .. x J; S~o~rw I Ax(33i)-:* f

C-.
-- LB-...,.--w ~Cc's Z..7 .I.:. C'.:;

S 2.-
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and the source size increases. Unlike the first harmonic

c 2)(j .- 2/'MTF of Fig. 5a. the cut-of frequency tends to sta% at
( 2c2( Ax ' )  (34b) the same values, although the higher frequency re-" (2 + C )Ax sponse decreases rather rapidly.

(v') for Ax<w1'.o. we again obtain Figures 6a and 6b show the basic and the second-
r wharmonic MTF as a function of input spatial frequency

AP15 (u'. As)= constant. (35) w. for various sizes of spatial filters Ax. for a given As.
aFrom these two figures. again we see that the transfer

system bandwidth is linearly related to the size of the
w '(W)=0. (36) spatial filter. Thus MTF is obviously limited by the

filter bandwidth of the optical processor. The increase
Notice that where this cut-off frequency of the optical of filter bandwidth als, ;auses a reduction in temporal
system is Wo,,=Ax/.of. Thus the apparent transfer coherence. which in turn reduces the processing capa-
function of the optical processing system, for both the hility. Nevertheless. an optimum processing capability
basic and second harmonic frequencies are

1 for O<As<Ax-2.0 fw

(2 + c 2)l (As + Ax - 2;.fw) for Ax- 2;.0 fw: As<Ax
4As+c*(As+Ax-2;.ofwO)

2(2 + c2)(Ax - ;.0 f(o)
MTF(w)=, 4Ax+ c2(As -r Ax-2;..wj for Ax<As< Ax+2;.fw (37)

Ax-,.'fw for Ax+24*0fw<As
Ax

for Axsw.Of

and similarly':

I "1for O<=As<Ax-2.ofw
2(2 + c2)(Ax - 2;.of w)4Asc 2(As+ Ax- 2.fCO) for Ax-2;.0Ofw 5As<Ax

MTF(2w)=. 22--c 2 )(Ax-2'°fw) f -2*.

4 - A -x;f for Ax (As<Ax (L ,-fw (38)
Ax-2;.ol for Ax-(2s 0 fwAs

A ), " -- / O

0 for Ax<;.0fw.

From the above equations. one may see that MTF.
either for the fundamental or for the second-harmonic can be obtained with the appropriate MTF for certain
frequency. decreases rather rapidly as the source size optical processing operations.
As increases. Figure 5a shows MTF as a function of
input spatial frequency w. for various values of source 3. Conclusion
size As. From this figure. we discover that the fre-
quency response (i.e.. MTF) decreases quite rapidl as The nonlinear behavior of the partiali coherent opti-
the source size increases. In other words, for a fixed cal processor. when considering either intensity or
filter size. the smaller the source size used. the better amplitude distribution input signais. necessitates the
the system frequency response. We also see that. where use of the apparent transfer function to accurately
the source size is adequately small ie.P.. As<0.02rmmI predict the system response. \\e have derived the
the MTF approaches the strict coherent MTF. or. the general formulas for MTF in terms of the theory of
other hand. if the source size is significantlN large ie.c., partialiv coherent light. These derivations indicate the
As _4 mm the MTF avroaches tnat of the incoherent denendence of MTF upon the cecree of snatial coher-
case. Figure 5b shows the second-harmonic MTF as a ence ixe.. the source szel as we,. as the decree of
function of input spanal frecuenc w. Fror the ficure. t emtoral coherence ii.e.. the so'_7Ze band-
we see tha: frecuenc% resnlse decreases e\er. :aser as wi:h MT.- nas eer. sh.wS tc -

Y,

% .* ~ ~ ** * ** "
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upon the spatial coherence requirement as compared spatial frequency plane. Finally. we stress that the
to its relationship with the temporal coherence apparent transfer function which we have obtained is
requirement. rather general and may be applied to any partially
It has been noted that the spatial bandwidth of our coherent optical processing system.
optical processor is primarily dependent upon the size
of the filter Ax. where the filter is placed in the Fourier Ackrn',-edaemen. This work is supported h. U.S Air Force Office
plane. The transfer systems bandwidth may be in- of Scientific Research under grant no. AFOSR-81-0148.

creased by using a larger spatial filter Ax. However, the
size of the filter is selected such that Ax=po.fA1., which References
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SOURCE ENCODING, SIGNAL SAMPLING
AND SPECTRAL BAND FILTERING

FOR PARTIALLY COHERENT OPTICAL SIGNAL
PROCESSING

F. T. S. Y U

MOTS (7-4'S Kr.N WORDS

Trailemeni optiquc Optical processing
Coherence Coherence

Traitement optique en &icairage partiellement coherent
en modulant la source et le signal
et en filtrant le spectre du signal

U SUMMARY Relations berveen coherence requirement. spectral RESUME On discute des relations entre la coh&ecce. le iltrage.
filtering signal samplmng- and source encoding are discussed. Since l'fchantilmmnnage du signal et la modulation de la source. Puisque
the spatiail coherence requirement is determined hy the signal pro- le tiegre dc cohi~rcnce spatialc est d~tcrmin par le traitcmcnt de
cessing operatiom. a strict spatial cohlerence is iisiially not requiired. f'intage. ute ptmrfaite cohe~rece spamiale West. en g&n~al. nas ncccs-

!% The advantage of the source encoding is to relax the constraints saire. Lavantage de moduler la source est de permettre de traiter
of a physical light source si- that the signal processing can be carried limage avec une source itendlue incoherente. L'efet d' chantil-pout with an extended ncoherent source. The effect of signal samplmng lonner t'image est d'ameliorer Ia coherence temporelle dans le plan
is to inmpro~e the temporal coherence requirement at the Fouricr de Fourier de fa'on que le liltrage puisse ..:ffectucr en lumiere
plane so that the spatial filtering can he carried out with partially partiellement coh~rente temporellement. L'utilisation dun domaine
coherence mode. The obhiectise of broad spectral band Filtering is spectral large a pour but dle redumre It bruit d6 t [a coherence
to carry out the signal processing 05cr the entire spectral band of spatiale dle 1*eclairage. Enfin. puisque un dispositif dec tramement
the light source so that the coherent noise can be eliminated. Since dimage en lumiere partiellement coherente utilise une source dle

tepartially coherent optical processor utilimes a broad spectral lumiere blanche. il parait particuifiremeni hien adaple au traite-
han ml liiclih oicc. it is partmcmihirl sit abhle for color sm immia mec is mum ages en coiulcmrs. On pri sen mc des cx pcric nccs mmmn-
processing. Experimental demronst rations for the source encoding. trant f'avantagc de moduler Ia source ci d'&chantillonncr f'imagc

Ssignal sampling aind spectral hand filtering arc included. ltirsqu'on utilise une source 6tcrduc dc lurmcr blanchc.

INTRODUCTION ronnients are very stringent. For example. hcavvN
optical benches and dust frccecnvironments arc gcnc-

Since the invenltion of laser (ice.. at strong cohcrcnt rally required.
source) laser has becomne a fashionable tool for many Recently, we have looked at the optical processing
scientific applications particularly as applied to cohe- from a different standpoint. A question arises. ts it
rent optical signal processing.' However coherent necessarily true that all optical signal processing

* optical signal processing systems are plagued with required a coherent source ' The answecr to thts
coherent noises, Which frequently limit their process- question is that there are man,, optical stgnal pro-
in g capability. As noted by the late Gabor. the Nobel cessins that can be cantred out b\ a \\hite-lighl

S prize winner in physcsi 1970 for his invention of source [2]. The ads antages of the proposed \%htte-
*' holography, the coherent noise is the number one light signal processing technique amre : . It is capable

enemy of the Modern Optical Signal Processing [1]. of suppresstng the coherent noise: 2. White-lipht
Aside the coherent noise. the coherent sources are soturces are usually ineCpcnt1S %C 3. The processing

Susually expensive, and the coherent processtng envi- environments are riot critical 4.The-white-light sss-
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tern is relatively eas% and econonmicalI to ma inLa n where t he integral is over the spatial domain ti) the
and 5. The ' li plg l occssor is pail iciiIlirl\ silli- inIItIIIpl:ine' , 1 1, ilt1) ie the141C l it' pia
table br0 color Iiniage p1 ocsitig. 11Ltci codlai yIiii. p" Is the aiigiillisata

O tiqestion ta he reader may ask, since the frcquenev' of the sampl-iing phase,, grating. and St p. (1)
Whic-lghlsystem oilers all lI hese glamorouIS merits, is the l-oaner spectrum ol M~x, I ). If \we, "rite F. (. ( I

why it hats been ignored for so long ? The answer to in thc form of linear spatial coordinate system (a. f().
Ii is qutestion is that, it was it general acceptance that we have

anl incoherent source cannot process the signal in
complex amplitude. H-owever. none of the practical fl. ~;)= o 2
sources are strictly incoherent. even a white-light Do,. I))7TP. 2
sotirce. In fact. wte \%ere a ble to titilize the partial
coherence (if a white-light sotirce to pfor-IMi the \,.,here p L4: (2 7r!/'./ o(. (2 i/' I j;, and I I" the
complex amnplitude processing. The proposed white- focal length of the achromatic transform lens,. Thus.
light processor. onl one hand it is c;ipahle ofstippressing we See 1that theC l.oiii-iCr- spectI-lraold (jJisperse, Jilto
the coherent noisec like aii incoliimnt processor, on Irainbhow color along time ot axis, and each lourier .0the othier hand it is eapa b-le of processing time signal sped rtuml for at given waeeii Is is cntered iM
in complex aimplitude likc a c~oherent processor. T

There is however a basic different approach toward a + ( /2 .
at coherent and a white-light processor. In coherent
processing. virtually no one seems to care about the S." o~o

coherence reqtiirements. since the laser provides a I'
strong coherent source. However, in white-light pro-A A.' (A
cessing. the knowledge of the coherence requirement K 1<1 K -

InI while-I ight processinge we wotuld a pproach thle "0 P. I *

- ~ problemi backwarid. F ir~st. we shotild k now\ wt s islie
processing operation we wish to perform :Is it a I -D lGI-AhtI~h pi i uuclp.uu ~
or -D processing ? Is the signal filtering apoit Ior p

polint-pair concept ? What is the spatial bandwidth
of the signal 2etc. Then with these knowledges. we
would be able to evaluate the coherence requirements
at the Fourier and at thle inptit planes. From the eva- In signal filtering. wse assumei that a sequence of
luated results, we would be able to design a, signal complex spatial filters for. various Kare available.
sampling function and at source encoding ftunetion i4. 1,1 4weep 2 .h= 2 ;. Iv
to obtain these reqireentiis. The objective oif tising tt. 1rcie al h1rcssn1inl resailfe

a sgna samu 1 ig hnd onis o ah ive liighdegee q uencv limited. the spatial ha ndwidt h of each spectral
of temnporal coherence in Fourier plane so that the band filter 11(p,. q,) is also riandlinlited. such as
signal canl be proicessing in Complex amplitude, for Hp.q).7 7the entire spectral band of a white-ihsoreAnHp. q )- Hp.q4 <' . ()
for the source encodine is to alleviate the constraint j0. otherwise .
of an extended whiite-lieht source.

In the following secti -ons. we shall discuss in detail where a, (;, f'2 7r) (p, ~- Apt and ot x ;~

t he source encoding, signal sampling and spatial band (p0 - Ap) are the upper and the lower spatial limits
filtering as applied to' a partially- coherent optical of H(p.. q,). and Ap is the spatial bandwidth of the
(e.g.. white-light) signal processing. input signal s(.v. I-).

The limiting wavelengths of each 11(p, q,) can be

PARTIALLY COHERENT OPTICAL SIGNAL witna

and 4 4).

We shall nowk (lescrihe ;in optical signail pnmccssiilg p, Ap' h,. Ap (4

tech iqtie that can hie carried out hy a broad hanmd The spectral ha ndwidth of l( .u~il is therefore.
%% hitc-liwht soture. as illustrated in figure 1. The
white-light signal processing system is similar to that 4 A 4Ap
of a coherent sNsem xcpthe use of a white-light 4 P. A . (5

source. source encodinu mask. signal sampling grating. P -(AP p0(
multispectral filters and achromatic transform lenses. Ifwplcthsetosetrlbnriessd-b-
For example. if we place a signal transparency s(x. Y) I epaeti sto pcrlbndflessdi%
in contact with a sampling phase grating. the complex side positioned over the smeared Fourier spectra. then
light field for ever\ w\avelength /. behi-nd the aebro- the intensity distribution of the output light field can

nitctransform len L, xsould be b hw s

v)]. q:5 di.V .1.p -X(P :0. Y) Y) (I0)hr

PX cxp[ -- I()\ qI I d I pp p(; (1. . her h(i /.tialwru implle response of

rd,.1I
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/I(p., (.) and * dtliiotes the coniv'ollioii Ox'.r:itio. clit lre spetral hand of tile li,'lt source. til colherent
Thu.s. til proposd %\lic-light sielial piroce ,Nir is noise ca) bc suppressed and 111 N% hite-ight processing
capable of processing the signal in complex amplitude, technique is very suitable for colour image processing.
Since the output intensity is the sum of the mutually There is. however, a temporal coherence require-
incoherent narrow hand irradianccs. the annoying ment imposed upon the signal filtering in Fourier
coherent noise can be eliminated. Furthermore, the plane. Since the scale of the Fourier spectrum varies
white-light source contains all the color wavelengths, with wavelength, a temporal coherence requirement
the proposed system is particularly suitable for color should be imposed on each spatial filter at the Fourier
signal processing. plane. Thus. the spectral spread over each filter

H(p,,. q,, is imposed by the temporal coherence requi-
SPECTRAL BAND FILTERING, SIGNAL rement, i.e.,

SAMPLING AND SOURCE ENCODING A;, 4Ap--- = I.- (7)
We have mentioned earlier for white-light or par- -<I, /(7

tially coherent processing, we would approach the
problem in backward manner. For example. if signal From this requirementi a high degree of temporal-rl.coherence is achic\'ablc In tile Fourier p'lane by' simply
filtering is two-dimensional (e.g. 2-D correlation ope-
ration). we would synthesize a set of narrow spectral increasing the spatial frequency of the sampling grat-
band filters for each , for the entire smeared Fourier ing. Needless to say that the same temporal coherence
spectra, as illustrated in figure 2(a). On the other requirement of Eq. (7) can also be applied for a
hand. if the signal filtering is one-dimensional (e.g., broadband fan-shape filter.
deblurring due to linear motion), a broadband fan- There is also a spatial coherence requirement
shape spatial filter, to accomodate the scale variation imposed at the input plane of the white-light processor.
due to wavelength, can be utilized as illustrated in With reference to the Wolfs [3] partial coherence
figure 2(b). Since the filtering is taken place with the eory [3]. the spatial coherence function at the inputplane can be shown [4].

a F(x - x') = Y(x0 ) exp i 2 it(x- xo
(x - x') dx,

a fL "
(8)I _ _ H1(p,q 1 ) where y(x o) denotes the intensity distribution of the

H2 (P2,q) source encoding function.
6 From the above equalon , We see tht:1 tile spatial

0 * coherence and source encoding functions form a
• *Fourier transform pair, i.e.,

I IHn(Pnqn) y(x o ) = ,l [F(x - x')]. (9)

and

13 F(x - x') = Y-['(Xo)] (10)

where ,7 denotes the Fourier transformation. This
Fourier transform pair implies that if a spatial cohe-
rence function is given then the source encoding
function can be evaluated through the Fourier trans-

b formation and vice versa. We note that source encoding
function can consist of apertures of any shape or

RED complicated gray scale transparency. However the

sotircc encodling fntoisonl hiited lo a positive
real luatlily which is restricted hy the following

Htq) physical realizable condition r
0 _< y(x") < I. (11)

In white-light processing. we would search for a
reduced spatial coherence requirement for the pro-

VIOLET cessing operation. With reference to this reduced

spatial coherence function. a source encoding func-
13 tion that satisfied the physical realizahilit\ condition

can he obtained. One of" the haiic ohbiecmi es of the
source encoding is to allc iatc the constraint of a
whitc-light source. Furthermore the source encoding
a!ko improves the utilization of the light power such

r'-- that the optical processing can he carried out b' an
Fio; 2 ;I) t A mul, .Vca) ,1,11 I / %t': (W111 .' h1A tof-.4 l /e h ' extenlrlded sotlCc,

Z"4
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where N > I a positiVe integer. andi w < d. Eq. (14)
erICl'resets a sequence of liarlo\\ pu1tC " hich occur

"a I every y - ,i 1 ,, k. whic , 11 is a positive itteger.
, and their peak values are weighted by a broader sine

factor, as shown in figurc 4(a). Thus. at high decgree
' of spaltiali Cohici ce' Calll he achieved aIt every poll11-

pair between the two input color transparencies. B\'

, K' ltaking the Fourier ra.'sforiation of the reduced
"spatial coherence function of Eq. (14). the correspond-

fui ing source encoding function s

,__-,_"_i f i o E ) rect ' (15

It(, 3 A sohml-hkht nom w wb Pot, t.I t, , ',, IM . phawr where it' is tihe slit width. d :-(.iq)is the sepairation
. go ,llig, I., * 11?11 v Ion I . L, u. d ~ I., find L'._ .ithrnom1111" between lit" slits. aind N is the nultlbir (if the slit.

i , t , , .., ., ) ... .., , , , , ., ', , , ,i ni n . 1 11 1 . G; : t 11-. , II , d l/- S i nc e y'( l y Y ) i s a P o s i t i v ec r e a l 1 1 .1n 1 01tio tI Shic h s t i s fi e s
.m,',o t,,m ,the constraint of Eq. 0I 1). the proposed source encod-

, ing function of Eq. (I15) is physically realizable.

In view of Eq. (15). we also note that. the separation
of slit d is linearly proportional of the L The source

We shall now illustrate an application of the source encoding is a fan-shape type function. as shown in
encoding, signal sampling and filtering for a white- figure 4(b). To obtain lines of rainbow color spectral
light signal processing. Let us now consider a poly- light source for the signal processing. we would utilize
chromatic image subtraction [5]. The image sub- a linear extended white-light source with a dispersive
traction of Lee 16] that we would consider is essentially phase grating. as illustrated in figure 3. Thus with
a one-dimensional processing operation. in which a
I-D fan-shape diffraction grating should be utilized,
as illustrated in figure 3. We note that the fan-shape
grating (i.e., filter) is imposed by the temporal cohe-
rence condition of Eq. (7). Since the image subtraction
is a point-pair processing operation. a strictly broad -

.spatial coherence function at the input plane is not ,'
required. In other words, if one maintains the spatial ,
coherence between the corresponding image points ,,
to be subtracted at the input plane. then the subtrac- , ,
tion operation can be carried out at the output image -
plane. Thus instead of using a strictly broad spatial a
coherence function, a reduced spatial coherence func-
tion may be utilized, such as

!,,,Red

r(.. ) My -Y' - h,~) + (j - y' + h(,). (12). --

where 2 h, is the main separation between the two
input color transparencies. The source encoding func-
tion can therefore be evaluated by through the Fourier
transform of Eq. (9), such as

2 c s t.

U nllortunately Lq. ( 3) is a bipolar function which is d
not physically realizable. To ensure a physica2ly w 2
realizable source encoding function, we tl a reduc(ed
spatial coherence function with the required point-
pair coherence characteristic be [7].

(y.V' I) = '-Violet

)i sine 2- 1," - Yl (14 b w dsN ( .si . . b V h,4d

Sh o sin11(--; I i d Fil( 4 - (i) .I %P, .1I I (h i ..1 , PI((Iti,' it

Z - 7 ZZ!eZe Z
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appropriate source encoding. signal sampling and fil- image obtained by the source encoding technique
wring. color Jnllt ,tL sl lit'll ol ":iierni i ca n be \tlhestlh lntd hcolilcill mllicc. Ill Iis figurc,
obtailled at tihe output plane. We stress again. the the prolilc ol a (lcl) sulcomlpact car can be seen at
basic advantage of source encoding is to alleviate the the output image plane. The shadow and the parking
constraint of ;trict spatial coherence requirement line (in yellow' color) can al;o be readily identified.
imiposed upon lie oplical signal pioccsl'. "1 lie souil'c We howcvcl note that. th1is colol iiage suhtraction
encoding also offers the advantage of efficient utili- result is obtained by two narrow band extended
zation of the light po%%er. incoherent sources. Extention toward the entire

spectral band of a white-light source is currently
under investigation.

EXPERIMENTAL DIENIONSTRATIONS

We shall now provide a couple of experimental CONCLUSION

ICulls ohlaincd wilh the source t'icodiiug, signal In eoiLuSiOii We Would point out that the advantage
sam pling and spectral band filtering tcchniquc for of c nc din i to poi in ap V i ate
white-light and extended incoherent courses. We of source encoding is to provide an appropriate
shall first show the r sult obtained for color imagee spatial coh'cnc sint ion at thlie input plane so that
deblurring due to linear motion with the white- the signal processing can he curried out by an extended
light processing technique. Since linear motion deblur- incoherent source. The effect or the signal sampling
ring is a I-D processing operation and the inverse is to achieve he stemporal coherence requirement
filtering is a point-by-point filtering concept such at the Fourier plane so that the signal can be processed
that the operation is taking place on the smearing in complex amplitude. If the filtering operation is
length of the blurred image. Thus the deblurring two-dimensional, a multi-spcctral-band 2-D Filters
filter (i.e.. inverse filter) is a fan-shape type spatial should be utilized. If the filtering operation is one-
filter [81 and the temporal coherence requirement dimensional, a fan-shape Filter can be used.is imposed b Eq. (7). The spatial coherence require- In short, one should carry out the processingment is dependent upon the smearing length. A source requirements backward for a partially coherent orencoding function of a narrow slit width (dependent white-light processing. With these processing require-
upon the smearing) perpendicular to the smearing ments(e.g.. operation. temporal and spatial coherence
length is utilized. Figure 5(a) shows a color picture requiremfents), multi-spectral-band or fan-shape filter.
of a blurred image due to linear motion of a F-16 signal sampling function, and source encoding mask
fighter plane. The body of this fighter plane is painted can be synthesized. Thus the signal processing can
in navy bluc-and-whitc colors, the wings are mostly be carried out in complex amplitude over the whole-
painted in red. tile tall is navy blue-and-white, and le spectral hand of a , extended white-light source.
ground terrain is generaIl y bluish color. From this We acknowledge the support of the U.S. Air Force

figure. we see that the plane is badly blurred. Office of Scientific Research Grant AFOSR-81-0148.

Figure 5(b) shows the color image deblurring result
that we obtained with the proposed white-light * * *

deblurring technique. From this deblurred result.
the letters and overall shape of the entire airplane
are more distinctive than the blurred one. Further- REFEREA*CES
more the river, the highways. and the forestry of the
ground terrain are far more visible. We note that
the color reproduction of the deblurred image is (l1 GAWin (D.) - IBM. J Res Devchp. 1970). 14. 5(.

spectacularly faithful. and coherent artifact noise is 121 Yu (F. T" S.) - Oprtcal Information Proccsmng. Wiley-spC IntS:CIVncc. N Y. 98 3virtually non-existed. T here is. how ever, som e degree [ In .) and WOLF. N . - ptr
of color blur and color deviation, which are primarily Pergaon Press. N" York. 1964.
due to the chromatic aberration and the anti-reflec- 141 ' IF. 1. S.) ZIIIIAN; (S. L.) and & i (S. 1.) Appl. Ph.N..
tance coating of the transform lenses. Ne\'erlhc- 19(i2. B-7. I)
less. these drawbacks can be overcome by utili/ing IJ' Y,' (I . I S I mid Wi, Is t .J pt . I )8 .I : IxI
good quality achromatic transform lenses. 161 1.II IS I1.). NA0)US K. aml Mii sA. (,.I J Opt..Nt..4m..

Let us no\ provide a color image subtraction 1971. (o. 11)37

utilized b, the source encoding technique with 171 \Vt IS 1.) and Yt IF T. S.). -- .. ppl Opt. 1981. 20. 4082.

extended incoherent sources as described in previou. Il1 CIlIl. It). 7IIAN( IS L.. MnIS. 7.lan ' (F "1. S.) -

sectiols. fiurv 6(a) and 6(h) show two color Apspl. Opt.. 1)3. 22. 143,).

image transparencies of a parking lot as input color
objects. Figure 6(c) shows the color subtracted 'Manu.wript recin'd #ni Ahurd. 7. 19S3.)

(D Ma,, on. Paris. 10S3
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Abstract. A relation between spatial coherence function and source encoding intensity
transmittance function is presented. Since the spatial coherence is depending upon the
information processing operation. a strictly broad spatial coherence function mayv not be
required for the processing. The advantage of the source encoding is to relax the constraints
of strict coherence requirement. so that the processing operation can be carried out with an
extended incoherent source. Emphasis of the source encodings and experimental de-
monstrations are given. The constraint of temperal coherence requirement is also discussed.

PACS: 42.30. 42.80

The use of coherent light enables optical processing source encoding intensity transmittance function.
systems to carry out many sophisticated information Since the spatial coherence requirement is depending
processing operations [1. 2]. However. coherent opti- upon the information processing operation. a more
cal processing systems are contaminated with coherent relaxed coherence function may be used for a specific
artifact noise. which frequently limits their processing processing operation. By Fourier transforming this
capabilities. RecentlN. attempts of using an incoherent coherence function. a source encoding intensity trans-
source to carry out complex information processing mittance function may be found.
operations had been pursued by several investigators The purpose of source encodine is to reduce the
[3-63. The basic limitations of using incoherent source coherent requirement. so that an extended incoherekt
for partially coherent processing is the extended source source can be used for the processing. In other words.

4 size. To achieve a broad spatial coherence function at the source encoding technique is capable of generating
the input plane of an optical information processor. a an appropriate coherence function for a specific infor-
very small source size is required. However. such a mation processing operation and at the same time it
small light source is difficult to obtain in practice. We utilizes the available light power more effectively. We
have. nevertheless, shown in recent published papers shall illustrate examples that complex information
[7-10] that there are information processing oper- processing operation can actually be carried out by an
ations which can be carried out with incoherent encoded extended incoherent source. Experimental
source. In other words. a strict]\ broad coherence illustrations with this source encoding technique are
requirement may not be needed for some optical also included.
information processing operations.
In this paper. we shall describe a linear transformation
relationship between spatial coherence function and Source Encoding with Spatial Coherence

We shall becin our discussion with the Young's experi-

VISIT-Ing ScMoia7 trorn Sha'.ha: Ct;ca; Insrumene; Research. ment under extended incoheren, source iiiumnMali-..

Instnute. Shancha:. China as shown in Fig. 1. Firs:. we assume tha: a narrow s.
Vis:txng scno'ar from Shanr-a: lnst:uite of Ortics and Fre is placed a, plane P. behind ar. extended source. To

.Me:hanins, Acac:a Sn. Cn;a- mai.:a:. a high decree of sna::a coherence 're!Vwee.

~ -2~~K :: cX'?S.
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large, i.e.. Rl>d and R >2h,. then the spacing dI between the source slits becomes.

d ri ;.R (31

S 5 From the above illustration, we see that by properly
,NCO94E.ENT - encoding an extended source. it is possible to maintain

S CE S, ---- the spatial coherence between Q, and Q._ and at the
same time it increases the intensitN of illumination.
Thus, with a specific source encoding technique for a
given information processing operation may result a

P, P2 % better utilization of an extended source.
To encode an extended source, we would first search

Fig. 1. Young's experment with extended source illumiation for a spatial coherence function for an information

processing operation. With reference to an extended
Q source optical processor of Fig. 2. the spatial coherencethe slits Q and Q2 at P2. it is known that the source fucina-nutpaeP "cn ewitn[1

size should be very narrow. If the separation between function at input plane P. can be written [I1]

Q, and Q: is large. then a narrower slit size Si is T(x,. x'2 )= SlxlKlx,.x,IK lxx )dxA  . (4)
required. Thus. to maintain a high degree of spatial
coherence between Q, and Q2. the slit width should be where the integration is over the source plane P,. S(x,)
[11] is the intensity transmittance function of a source

encoding mask. and K,(x,.x,) is the transmittance
' i p R function between source Plane P1 the input plane P2.

2ho' which can be written

where R is the distance between planes P, and P. and K I(iX, -expti (27 (5)
2h, is the separation between Q, and Q2 (Fig. 1). . (5)
Let us now consider two narrow slits of S, and S,
located in source plane P1 . We assume that the By substituting K1(xx) into (4). we have
separation between S, and S, satisfied the following [ xp . 1
path length relation: (x: - x ) (x - x) dx . (6)

r' -r,= (r -r,) -- m'. (2) From the above equation. we see that the spatial

where the r's are the respective distances from S, and coherence function and source encoding intensity
S. to Q, and Q2. as shown in the figure. in is an transmittance function forms a Fourier transform pair
arbitrary integer, and *. is the wavelength of the
extended source. Then the interference fringes due to
each of the two source slits S: and S. would be in and
phase. A brighter fringe pattern can be seen at plane
P-. To further increase the intensity of the frin2e - -

pattern, one wouid simply increase the number of where 7 denotes the Fourier transformation oper-
source slits in appropriate locations in the source plane ation. If a spatial coherence function for an infor-
P: such that every separation between slits satisfied the mation processing operation is provided, then the
coherence or fringe condition of (2j. If separation R is source encoding intensity transmittance function can

,i;Fi: Partiali% coheren otica! processing
'm;tr. encocer extended inconeren- source i

extenced incohereni source. L. ¢oi.-na:or.
: . -an : transic:r, ienseS

4 •
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he determined through Fourier transformation of (71. Table I Source sreciral requiremen

We note that the source encoding function Six,) can P.
consist of apertures or slits of any shape. We further [ lines mmj (.5 1 5 20 l(Kj

k note that in practice Six1 ) should be a positive real "": _

function which satisfies the following physical realiz- ,;.[A] 21 4 1 N..2 21.S 546 1.09
able condition:

0__S< xl) <1 (9,

For example, if a spatial coherence function for an obiect is 2h, = 5 mm. the wavelength of the light source
information processing operation is is *.= 5461 A. and we take a factor 10 for (131 for

consideration, that is

F~x, - x, =rect IX '1(10) 101 On4

where A is an arbitrary positive constant, and Several values of spectral width requirement J/' for
Jx Jl IxI A. various spatial frequency P. are tabulated in

rect = 0. otherwise. Table 1.

then the source encoding intensity transmittance From Table 1. we see that. if the spatial frequency of
would be the input object transparency is low. a broader spectral

width of light source can be used. In other words, if

S(xA1)=sinc higher spatial frequency is required for an information
4f .processing operation. then a narrower spectral width

Since S(x') is a bipolar function, therefore it is not of light source is needed.
Physically realizable.p c r aExamples of Source Encoding

Coherence Requirement We shall now illustrate examples of source encoding

Temporal ohfor partially coherent processing operations. We would

There is. however, a temporal coherence requirement first consider the correlation detection operation
for incoherent source. In optical information process- [12].
ing operation. the scale of the Fourier spectrum varies In correlation detection. the spatial coherence require-
with wavelength of the light source. Therefore. a ment is determined by the size of the detecting object
temporal coherence requirement should be imposed on (i.e.. signal). To insure a physically realizable encoded
every processing operation. If we restrict the Fourier source transmittance function, we assume a spatial
spectra, due to wavelength spread. within a small coherence function o'er the input plane P: is
fraction of the fringe spacing d of a complex spatial
filter ie.g.. deblurring filterj. then we have. 1, -i:x'  ,

P .f ). t(:x- - Kc= ,
(12) 7 '

C,

where I -d is the highest spatial frequency of the filter. where J, is a first-order Bessell function of firs, kind.
P, is the angular spatial frequency limit of the input and h0 is the size of the detec-mng s:cnaL. A sketch of the
object transparency. f is the focal length of the trans- spatial coherence as a function of *x. - x, is shown in
fom lens. and A. is the spectral bandwidth of the iihcht F t

- Fit. 3a. By taking the Fourier transfOri of (Ifi. 'xe
source. The spectral width or the temporal coherence obtain the following source encoding ,zenstt trans.
requirement of the light source is. therefore. mtance function. .

where . is the center wavelength of the light source. _,, where ,,= i: , is the a:ame:e, Of a c:rZ2a :'aerture
is the size of the input object transparency. and a s in i

In order to gain some feeling of magniude. we nrovide r . _
a nrumernca, exampie. _e: us assumzeTne o" :n , . c:tr.mw's

. .4



691
102 F. T. S. Yu et al

~~01

(X)Sta,) S(s)

Fig. 3a-c. Examples cfspatial coherence requirement,, and
MM- U source encodings. [ Fix. - x, . spatial coherence function.

0-C for imagie subtraction

0-c 
, 

lation detection. (hi for sm eared im age deblurr rng. and ici

[is the focal length of the collimating lens and * is the requirement is depending upon the corresponding
wavelength of the extended source. As a numerical point-pair of the images. thus a strictly broad spatial
example. we assume that the signal size is h, = 5mm. coherence function is not required. In other words. if
the wavelength is -=5461 A. focal length is one can maintain the spatial coherence between the
f[=300min. then the diameter w of the source encod- corresponding image points to be subtracted. then the
ing aperture should be about 32.8 pm or smaller, subtraction operation can take place at the output
W'e now consider smeared image deblurring [13] image plane. Therefore, instead of utilizing a strictly
operation as our second example. We note that the broad coherence function over the input plane P,. we
smeared image deblurring is a I1- D processing oper- would use a point-pair spatial coherence function.

t ation and the inverse filtering is a point-by-point Again, to insure a physically realizable source-
processing concept such that the operation is taking encoding transmittance. we would let the point-pair
place on the smearing length of the blurred object. spatial coherence function bc [10]iThus. the spatial coherence requirement is depending FOX: - X
upon the smearing length of the blurred object. To- -

obtain a phvsicall' realizable source encoding func. sin( . Ix-X, I
tion. we let the spatial coherence function at the input 11 7Min , (9

piane P. be h,) sd( x~x

r~x X isin(---x. -(1 here, 2h,, is the main separation of the, twoinu

where Jx. is the smearinr length. A sktc of (17 Ol) rnnaece tpln . aS retve
shown in i r. 3b. Bv takinc the Fourier Transform of itgr n ent hti <.Euto 1)rpe

(I7) w otansenis a sequence of narrow\ o~use;s which. occur at
x.- x- = ?U:, wner.e r is apositive inteze-r. anc their

Six:x.'1peak valuesz are weichtC bv a broader sinc iacior. as
=rect.~ (18) shown in Fic. 3c. Thus. we see that a -,iEch decree of

snatial coherence is narnzainec a: everx riot:-nair
wkhere ii = f1. 1 x, iis the sit- width of the source betixeen the two input, obiec: transpar.en:ries. 15, -:ak'ing
encoding aperture, as shown in Fig. 3b. and the Fourier transformation of (19j. ,-e ob.ain the

rectK~.2 (1 e ~, ~following source encoding intensity transm ittance

C. Six XI)= rect", ~ 0
For 2 numerical illustration if the smearinc length is
ix. 1 mm. the wavelength is -;5461 A. and the focal w\here i% is tne slit wvidth, and d ,. i isz the
iengn is 3 00 mmr. then, the sit: width v. should be separation between. the sl:is. i-. 15 C!!27 tha.t't20
ariou: I 63.S urn Or smau.1, re-Presents N\ numbie7 o0 7 7 0 V, s.:,s v, - ' e c ua: sp7)a Z-
We \houid no\% consider image subtraction [; -fo ing c. as shown in Fig .c. As a nuMertCa-- e~arnp-e. xAe
ou r i r:rd iliustranion. S.,nc.- :h irnae sun.raCtion is a le: :esenara*.ton o: :.nt inp : oec*'s ........ ....

-D 7:rcZeSS.. 1:n era.!on, ant :n. sta.conereCe-^ A~a.ee.t. - *., tc.h -. :o~ z
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limator f=300mm. then the spacing d between the
slits is 16.4 pm. The slit width w should be smaller than
d'2. or about 1.5 pm. If the size of the encoding mask is
2mm square. then the number of slits N is about 122.
Thus we see that with the source encoding it is possible a
to increase the intensity of the illumination N fold. and

at the same time it maintains the point-pair spatial
coherence requirement for image subtraction Q P r TC S
operation.

b
Fig 4a and h. Photogradphc image deblurring with encoded exten-
ded ncoherent source. tat Input blurred obieci and (hi deblurredExperimental Results Image

. In this section. we would illustrate two examples as

-"., obtained from the source encoding technique. The first Conclusion
experimental illustration is the result obtained for
smeared photographic image deblurring with encoded be he spia coer tian d teource

I e.o, incoherent source as shown in Fig. 4. In this expert- between the spatial coherence function and the source

ment a Xenon arc lamp with a green interference filter encoding intensity transmittance function. Since the

was used as extended incoherent source. A single slit coherence requirement is depending upon the nature of

mask of about 100pm was used as a source encoding a specific information processing operation. a strict-

mask. The smeared length of the burred image wals ]y broad coherence requirement may not be needed

about I mm. in practice. The basic advantage of the source encoding

Figure 5 shows an experimental result obtained from technique is to alleviate the constraints of the strict

image subtraction operation with encoded incoherent coherence requirement imposed upon the optical infor-

source. In this experiment, a mercury arc lamp with a mation processing system. so that the information

green filter was used as an extended incoherent source. processing can be carried out with encoded extended

A multislit mask was used to encode the light source. incoherent source. The use of incoherent source to

The slit width w is 2.5 pm and the spacing between slits carry out the optical processing operation has the
was 25 m. The overall size of the source encoding advantage of suppressing the coherent artifact noise.

mask was about 2.5 x 2.5 mm'. The mask contains In addition. the incoherent processing system is usual-

about 100 slits, IN simple and economical to operate. Finally. we would

From these experimental results, we see that the stress that the source encoding technique may be

constraint of strictly broad spatial coherence require- extended to white-light optical processing operation. a

. ment may be alle\'iated with source encoding tech- program is currently under inve_ tigation.

niques so that it allows the optical information pro-
cessing operation can be carried out with extended .,cknowiedoemer; We wish to acknowledge the suppor of the U.S.
incoherent source. . Force Office of Scientific Research Grant AFOSR-Si-014S.APPLIED D
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Broad spectral band color image deblurring

T. H. Chao, S. L. Zhuang, S. Z. Mao, and F. T. S. Yu

A Iiritboli dir whiIt --IliglIut I)rmv, -. tiuu It lhi qIta tir mm1i-irrfl I( il,,r ilt I mlorasptic e iI-IuIt t( rrig. is d crjIuv(d.
The techiqueLI utilizes a diffract ion grting method ito disperse thte stuinvred( jiage spect ra in thew Fourier
planei so thai thle Pot ire speciral Noiid of I he while-lighi sourcevt catn be utilized Ior Ilic debliorring. In ithis

papewr the I edt Iiqute of svot hesizi og a faii-shape type comnplex dlehlurri og filt er ito accommodate wavelength
variation is presented. Experimental results showed that this broad spectral hand processing technique of-
fers an excellent coherent artifact noise suppression, and the technique is particularly suitable for color
image deblurring. Experimental demonstrations and comparisons with the narrowband and coherent de-
blurring are also provided.

I I . Introduction white-light source. To obtain the broadband de-
Restoration of smeared photographic images ha og blurring effect, a fan-shaped spatial Filter toi compensate

been an interesting and important application in optical the scale of the Fourier spectra should be utilized at the
processing.", In image deblUrring much of the effort Fourier plane. The technique of synthesizing the
has been devoted to applying inverse filtering concepts fan-shaped broadband dehlurring filter is given. The
to the image restoration. As those works evolved,' two coherence requirements for the white-light image de-
problems are still of intense interest; namely, the co- blurring are illustrated. Experimental demonstrations
herent artifact reduction and color image deblurring. with the comparison of' narrowband deblurring and
Although Wiener filters had been applied in coherent coherent technique are provided.

proessrs y sverl nvest igations t I for noise redluc-
tion, they do not suppress the inherent coherent artifact It. Broadband Image Deblurring
noise in the processing system. Recently, Yang and We shall now discuss a broadband image deblurring
Leith- proposed a spatial domain deconvolution tech- technique utilizing the ent ire spect ral ban'id of a white-
nique for image dehltirring. The\- used an extended light source. Let this linear smeared image be given,
incoherent line source for dehlurring, and the coherent
noise was remarkably reduced. However, their tech- ie.
nique i-, only suitable for processing monochrome =* u i
blurred inlages. lI ittrvvimtis papters' " we lrir('licd
a white-light processing technique for linearly smeared where .4(x,Nv) and s(x,Y) are the smeared and unsmeared
image deblurring. We have shown that the white-l ight images,
image deblurring technique is capable of eliminating the
coherent artifact noise and is suitable for color image -

deblurring. Howvever, the result-s that we obtained were rec (2
primarily restricted to the narrow spectral band de- retId . othewise

blurring concept.

l'In this 1tilti-r w shal (x tend I v m gv (1 d rr m W *t H is I t(- nri vd Ivnvi It.tst~t t \ ol

(1 nothe input plane 1), of a white- light optical lpro-
cessor as shown in Fig. 1. The complex light distrihu-
tion for every wavelengt h X eat the back focal length of

__________E(o.3:)l = C J)" X eXp(ip,,X)

The authors are with Pennsylvania State University, Electrical 2-1 1

Engzineering TDepart menl. U niversity Park, Pennsylvania 16802. X expj - (Ii (1 3 x . (

Received I:t Oct rr IP!W2 I- \* I
(K).'tf 9158! 't!!.t~9.o~fl O", here po is the angular spatial I re(q uencv of . lie phase

't 1983 Optical Society of America. grating, a = jIQ4I/2-.Jp and J' = J(,\/'2-,,Iq represent the
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sp)itiiiI coordinate systen, of' Fourier Plai '. (psi() is
the Corresponding angular spalinl ireqiiency cooirdlinaiteI .m

lnand~ C is an approprite comnplex constant. Tlhus,
S Eq. (3) can be written as

27r~

where ~*-'0

G\/ rp Vtj=S t I)af po~r l ic t 13 r Spec?'0' Bao-w~r "U.()
imag x j 1, i. 2. I'hils tif I he (t-bIurrj,,g %% Ofi A~ MIt' as aJuno i of the Spectral

-- is the linear smeared iaespectrum. biandwidth of the lig'ht souirce~ 5X for va1rious value%. of s.meared length

Since scale of the signal spectrum is rprolort innal I to 1

signa specta woulise itoarce, he rapino where F-' denotes the inverse Fourier transform; by
cognar aspca wu seen itoafn-hp ano substituting Eqs . (5) and (6) into Eq. (7), we have

colr s anbe senfrom Eq. (5). In other words, the
top (i.e., the wider region) of the smeared spectra is in gtx,)-:X = s(x,.) exp(,) (8l
red and the bottom is in violet.whcisidpnetotewalnghftelgt

Let us assume that a fan-shaped broad spectral band whcisndpdetotewalnghftelgt
__ deblurring filter (i.e., a broadband inverse filter) to ac- ore h eutn uptitniydsrbto a

be shown as
commodate the variation of the scale of the sga
spectra is available. This fan-shaped filter is described I C) j(,,Xjd t ~RX))2 9
in the following equation:Jxy)=3jxy:)d? Asxvi, (

HAfOX bn a' E 2w. ret ep Ir . dYl which is proportional to the entire spectral bandwidth
Hta,2) =If -0 3 ) 1rt 1,11) e \p ) f IJ AX of the white-light source. Thus we see that. this

(6) proposed white-light deblurring technique is capable2rPOI)tif xI 6 of processing the information with the entire visible
a L P0,3) iinc Lf-spectral band, and it is very suitable for the application

In image deblurring we would insert this deblurring to color-image deblurring. Since the integration of Eq.
filter of Eq. (5) in the spatial frequency plane Of P2 . (9) is tak~en from the entire spectral band of the white-
The complex light distribution for every, X at the output light source, the coherent artifact noise in principle can
image plane P:j can he wvritten as he eliminated.

F-I Po.8 H=nF-' - (7) 11l. Coherence Requirement

Although this proposed deblurring technique utilizes
a white-light source, the processing is operated in a

partially coherent mode. It is. therefore, our aim in this
section to discuss the basic coherence requirement for

T(,) this proposed color image deblurring technique.
-*~~ ni a previous paper11I we obt ainied I lie cohorviice re-

(luireinetits for a partially coherent optical processor.
Several of those fruitful results can he applied to our

H(*j8,XIproposed white-light image deblurring system.
We shall first discuss the temporal coherence re-

qUirement for the image deblurring. We shall use the
<-I results obtained in our previous article as shown in Fig.=

7 2. This figure shows 'lie lo1ts of the spectral width AX
requirement oif the light source 6i.v., equiivalent toi the

P, Y irrow sp~ectral widlthI oft d ie (leburriog filter) ns a
N .N , function ol (lellurredl length (A .') (or various values

fX* isaro spectral hand filter centered at wavelength

NAN - X,4Ap/poI. p(, Ap, (101

or
Fig. 1. White-light processor for smeared color imaRe dehiuurring:
I. white-fight point cource; ir Y. . s.mearedl c,,ir image' I ruuu)i~rv'iwN; - I I

Ttx . diffrict ion g'rat ing. I., and 1_ a. :uc,'matic tran..forrn lenses. "' 4

H Ion.&AX . broad spectral band de htwT rIng filter where %p is the angular spatial frequency limit of the

1440 APPLIED OPTICS / Vol, 22. No. 10 / 15 May 1983
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Table 1. Temporal Coherence Requirement for X,, = 5461 A We shall now discuss the spat ial coherence require-
01)p, 1.012 0.019 0.029C 0u.3 ) .1 n,4.. ient. Since t he (lelorrillg operatilon acts on) Ihe

ax\ ,X I 27o loo 10 -,,) 9110 511'ini- Ivu-1ig I. It( lie hi(iI'l rcil~itulcll is dtpeui-
AW, 1/20 1 /1 r) I/to I/8 1/5 (lentr on the width of the light source. Let us now use

the p~lot.- of debliurring widl 11 asn a milct ionu(if t he sorce
sizoashw n :15 mnIIW i ill iglre w see t hat I hie
(leblurring effect. (i.e.. A ')(eases when the source

*.~. width AS reaches a critical width AS. We shall now
~1 summarie the results, of' the spatial coherence re-

qieetin T1able 11. From t his table we see t hat t he
Z higher thle degrev oft (lellirring (I.e., smaller All'), I the

~ 1r __________more critical the spiatial (Illlereuice t i.e.. smaller the A,")A
7is required. It is. therefore, one of the prices, we paid

I for a higher (legrvv oft dvhhiIrriotw.

- 0IV. Broadband Deblurring Filter Synthesis
We shiall noIw bleflv describe the svnt hesis; of a fan-

Sou'c Sze~S saped(i.e., broad spectral hand) deblurring filter. The

Fig 3.Pltsothdeburin'with ssfuntin o te sure sze swrnthesis is a combination of an absorptive-amplitudeFig3.Plo,;ofthedelurin wdthasa uncio ofth surc sze filter and a phase filter. A fan-shaped phase filter is
for various values of the smeared length W.' composed of several slanted bar-tx'pe phase objects as

illustrated in Fig. 4. Each phase bar would give rise to
Table 11. Effect of Spatial Coherence Requiement specific ~r phase retardation for a predescribed disper-

sion of rainbow color wavelength. We note that the
height of deblurring filter is. of course, dependent on the

As mm 1/20 1/15 1/10 1/5 grating frequency I~ atteiptpae.h eid

0.5mm .2 0.3 06 092 icitv of the deblurred filter is certainly determined by
the smeared length of t.he blurred object. and the width

1 mm 0.1 0.18 0.26 0.40 of the filter defines the degree of deblurring. 12  In
2mm 0.05 0.08 0.12 0.18 constrieting a broad spectral band phase deblurring

filer, we utilize ia acuum deposition techniquei. It can
li aconp ihe lv epIst o te agesumfuoride C

input blurred object transparencN, and po is the angular ( MgF-1) onthis, suirface' (Ifna optical flat glass subsl rate.
*spatial frequency of the phase grating. The temporal Iln this technique, a blocking mask (Iia lan-shaped bar

N coherence requirement for a narrow spectral hand de- pattern as shown in Fig. 4 is used for the -vacuum de-ro
blurring filter for wavelength 5461 A is tabulated in position. The M~gF 2, vapor is deposited through this
Table I. blocking mask, together with a linear moving covering

Although the temp~oral requirement is based on a plate, from top) to hoytom as illustrated in Fig. 4.
narrow spectral hand analysis, it can be extended to a The thickness of the deposited coating can he deter-
broad spectral band operation. For example, a broad mined by, the following equatioln:
spectral hand filter (e.g.. fan-shaped deblurring filter) (2
can he considlered ais a summation oIf a sequenlce oif' 212)

narrolwbauid spatial filters (Ifvarious wavelengths. Tihe2w 1

dehltirred image is thle result (If t he suiperposi o of01 (Ifie

mutually incoherent light, fields derived Iromn the itar- ()o.Ca S0s10o1

rowband filters. Thus, the temporal coherence re-
quirement shown in Table I can also he applied to a o~MO

broad spectral band filtering. As an example, if
(A 1 ),, 0 ()12 .anid thei s ectI rol b a n dw IthI ( Iif, I ligh 111 _A 1~ 11 .n 1 t ("nit

t - ~s(Itrc( is 300()( A. the lfbroad spectral hand (lel(rrillg II-

filter isappltrolxilnalely equ~l tol I li sin (It (leveii narrolw I (
spectral band filters. Tlhe mean spectral bandwidth AX X, I

SO(if tholse fillers is 270) A, nod the, debluirrinv ratio1  Ij , '

%(Ali/)/WVis 1 /20. In othe1r words, it is II(ssilile tosyn-l

thesize afan-shaped ty-pe spatial filter to compensatle ~.
with thle scale variat ion (I the smeared Fourier spect ra e

L- -- -- -- -- --- ---- -- J
___in the spatial frequency\ planie 5(o that the dehlurring
- ~takes place with tiIhe entire spect)ral band (If (be whiie.-

light source . Since the broadbland delurri utwili7es
the whole visible spectrum (of the ligh1t s tirce, it is
particularly suitable for color image dehlUrring. V'i i Im PtiahFt!I(r in. Ar a tlap1r riP1~i ti ifi

15 Ma 1983 Vol 22, No 10 APPLIED OPTICS 1441 16
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where n is the refractive index of the coating material. Curved

This coating thickness is linearly proportional to the sh,
dispersion of the ilhtminaltig wavelen,, th. \\e nule CL
that. a strictly linear control of coati ng thickiesses is S - 1
very essential. The advantage of this phase type filter a
is to improve the transmission efficiency, since the
overall dehurring filler is, in general, highly absorp-
tive.

In principle, it is a straightforward method to syn-
thesize a fan-shaped amplitude filler. The synthesis
can be accomplished by inserting a slit aperture of a slit a
width equal to the smeared length of the blurred image
at the input plane P, of the white-light optical processor
shown in Fig. 1. The size of the white-light source
should be adequately small under the spatial coherecnlea
regime to (btain a smeared sin c Iacttr (i.e., smeared Iil. 5. (CL,(rli,)l1 i dii ut liltrr le s.3 r. .itic ulne wave;
Fourier spectra of the slit. aperture) in the Fourier plane. CL, cylindrical transform lens.
An amplitude filter cn f len he s .. .;., d I...

recording this smeared sinc factor on a photographic used as a coherent source. Kodak 131 plate is used for
plate. If the film-gamma of the recorded plate is con- the recording plate, and a 6-min developing time in a
trolled to about unity (i.e., - = 1), the amplitude POTA developer at 24°C is used to control the film
transmittance of the recorded plate is equivalent to that gamma to about unity. The spectral wavelength limits
of the desired fan-shaped amplitude filter. However, are chosen from 4000 to 7000 A. Within the dynamic
in practice, a fan-shaped type amplitude filter is not range of the recording film, five sidelobes of -300-1
that easy to synthesize due to three primary reasons, dynamic range (or a density range of 2.5) are recorded
First, if a very small source size is required for the filter with good accuracy. The fan-shaped amplitude filter
synthesis, it usually takes a longer exposure time, for obtained is tested with satisfactory results.
example, if Kodak 649F plate (a low-speed film) is used.
Second, the spectral response of the recording plate is V. Experimental Results
generally not uniform for all visible wavelengths. The In this section we shall provide a few experimental

i recorded filter would produce uneven transmittance in results of image deblurring utilizing a broadband
the direction of the smeared color spectra. The effect white-light source. In our experiments, a 75-W xenon
of the transmittance variation of the filter would affect arc lamp with a 200-pm pinhole is used as a broadband
the fidelity of color reproduction and the degree of white-light source. A phase graling of 1310 Iines/min
restoration. Third. it is dif'icull to synt liesize a sile- witl 25% diff'ractimI, erficieiic\ at each first-order dif-
band amplitu(le filter, since Ihe dynainic range of the fraction is used at the input plane. An /18 transform
photographic film is very limited, lens with 300-mm focal length is used for image Fourier

There is an alternative technique of generating a transformation.
fan-shaped amplitude filter with coherent illumination We shall first demonstrate the effect of the broad-
as shown in Fig. 5. The purpose of using a curved-slit hand deblurring as compared with the narrowband and
aperture is to accommodate the scale ;ariation of the the result obtained with coherent source. For sim-
amplitude filter. The expression of the curved-slit plicity of illustrations, we use a set of linear blurred al-
a)erture can be written phabets as input objects as shown in Fig. 6(a). The

~ smeared length is -0.7) min. Figure Mb shI ows the
d =recx 0 1x -= . I tt delulirred image obtained wit h this hroadhand de-tX.) I2r lurring techiiiqtu, and Ihlie spect:lral fol idwith Ii k 31tt)(1

where X,\ is the wavelength of the coherence source, W A under white-light illumination. Figure 6(c) is the
is lhe smeared length of the blurred image, / is the focal result obtained with a narrow slpectral hand dehlurring
let il of itle (yliindrical transforn lens, and X is the filter of-X = 10) A centcred at 6:128 A. Figure (Id)
w;iwvhngl h ol I he whil e-fighl souorce. is I le lhirrpd iui 1 ,,1 :uied with :I l Ne 'olicriini

The ('lrrepndtling Firier transornmation of tile source. In the coimparison of these results, we see that
ciirved-qlit apert tire (can be shown as the results ohained wit h a hrond spe' ral hand while-

(~L * -light source offers a higher deblurred image quality; for
P'u 1:X1 - %in )r' i, _ [i' example, the coherent artifact noise is suhtantinllv

stippressed, and the ldeblurred image appears to be
, re- den le¢ the convolution operation, sharper than the one obtained with a narrowband
It i, clar now t hat a 1 hol ographic recording of tlie case.

-,,,!rn shtwn in F'q. (1.4) would produce a desirable We shall now experimentally demonstrate the ca-
iar -r ;ed amplitude filter for deblurring. In synthesis pability of the white-light technique for color images.

' " ':r, adhand anplitude filter, a He-Ne laser, with Figure 7(a) shows a black-and-white color blurred image
•' run r ciac to reduce the artifact noise, is of a building due to linear motion as an input color

A 4. -PcL E2 0T:7.S Vo' 22. No. 10 / 15 May 1983
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bject. From this figure we ,('('that the white windowp ~ M M D ~ Irais. Ih lifrot.n irs, hushes. two white heanis, trees,P E.M P E N N W etc. are severel% smeared. Figure 70b) shows the de-

~ A E blurring result that we have obtained with this white-S T A IL S T A T E light processing techniqute. Fromn this figure, we hnve

(a) flo) ~seeln I Iu t0Ihe( color mrodoc~uIi itotn is, rat tIer I',%ithi HindI (a)the debtlurred effect is spectacuilarly good, for example,
the wind~ow frames. the I niss ihe beams, t he front
doors, t ihe trees. etc. vanl he clearly identified.

We would now provide another more striking exam-PEN N" ple of the color image deblurring with this white-lightP E N N PIRM 14processing techiniquei. Figure 8(a) shows a black -and -
white linear-motion blurred picture of an F-16 fighter

S T A T E S,5 4IE plane. The body of this fglrpaei amdi
ltll-aIId-wlv colors, (i n' wings are miostly tsuiuiteel red.

(C) (d) the tail is blue-and -white, anid the ground it-r~!i-i- is-

rfFt i fl.... I E N 'Rt~ g..neraIll)' it huiisi color. Fromn t his figusre %we see t hat
rpao ta, elu rdiii u i s iiiI,,udh nthLIe letters on the b(ody on one of the wings and on this

white-light source, (c) dehiurred image obtained with narrow spectral side of the tail are smeared beyond recognition. The
hand white-light source, and (d) deblurred image obtained with co- details of the missiles at the tips of the wings are lost.

herent source.

ta(a)

rj7
U A

q(a)(b

Fg iniuu-o eclri aedehlurring: (a, la rl,-n il la- an -%htptc'ureca

NO lanu-ncuoti-tre pctlure o t ard criage I . nertu r i1 ~thf n firrr o ia -fl

15 av193 Vl 2.No 10 APPLIED OPTICS 1443
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The star symbhols at I lie tail I end o(f thle bodyv and oI(n thIwe ) lase fiIt er is svnIIt hesized hv~ opt ici I(co.it ing Ic( li I I ies,
topj (if' tle wings am e badly dist oited. Il(' leaf li's of1 whIil Ic lan-toshanped ninplif tide, Ilii r is olit tiil(' by\ 11

* ground terrain are obscured. Figure 8(b) shows thle 1 -1) coherent Iprocessinmg I Wiii ique.
Color image deblurring result t-hat we have obtained By comparison of thle result-, obtained by the broad-
from Fig. 8(a) with ithe proposed white-light deblurring hand image debltirring with Ithe narrow spectral hand
technique. From this del lurred result, t he let ters and coiherent techiquttes, we have seen thlat thle results
UISAF on the wing and YF- 16 onl the side of the tail canl obtained bY tile broadband deblirringu offer a higher

;:be clearly seen. T1he words U.S. Alit FORCE mnay le iniage (ltaltN. V~ aeas hw htthe broadbandI
recolgnized. The star symbol on the wing canl be clearly deblurring technique is very suitable for color image
identified: however, the one on the body is rather oh- dleblurring. We have provided several color image de-
scured. Undoubtedly, thle missiles at tile tips of the blurring results obtained by thle broadband deblUrring
wings canl he seen, and the pilot in the cockpit is quite technique. From these color deblurred iae ehv
visible. The overall shape of the entire airp~lane is more seen that the fidelity' off the color rerdiois e at
distinictive t hani the blurred one. Moreo(ver the river, high and t lie (111:li0 ' vof debltirrend inmagt- is rat her g(!,id.
the highwa~'s, and the forestry of the ground terrain are Although there is some dfegree of* color blur due to
far intire recognizale in t hiis debt urredi imiage. The chromatic a herratll of (t the I ra osforni lenses, it canl lie
color reproduct ion oif thle (leblurred limage is spectacu- elimuinated Ili if ilizing higeqult acrmai
Jarix' faithful, and coherent, artifact noise is virtually transform lenses.
nonexistent. There is, however, some degree of color Further improvemnents of the deblurring can also be
deviation inherently existing in the dleblurred image. obtained by utilizing a blazed grating to achieve a higher

These are primarily due to chromatic aberration and the smeared spectral diffraction efficiency so that a wider

erthles, tesetwodrawbacks can be overcome by higher degree of deblurring. Finally, we would like to
utiizig god-ualtyachromatic transform lenses. A point out that the utilization of higher-quality achro-
resarc prgra iscurrently underway to investigate matic transform lenses and a blazed grating for the

this effect. Further improvement of the deblurring can broadband image deblurring technique is currently
also be accomplished by utilizing a blazed grating for under investigation.
high diffraction efficiency and a broader spatial band-
width of the deblurred filter for a higher degree of de-
blurring. These two problems are also under current We acknowledge the support of the U.S. Air Force
research. Office of Scientific Research grant AFOSR-8 1-0148.
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COLOR IMAGE SUBTRACTION
WITH EXTENDED INCOHERENT SOURCES
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MOTS CLIS: KEY WORDS:

Soustraction d'images en couleur Color image subtraction
Sources incoherentes codees Coded incoherent sources

S Soustraction d'images en couleur
utilisant des sources etendues incoherentes

SUMMARY : A technique of color image subtraction with encoded RISUMt : Nous presentons une mthode de soustraction d'images
extended incoherent sources is presented. The objective of the source en couleur utilisant des sources incoherentes codees. Le but du
encoding is to obtain a reduced coherence requirement for the image codage est d'obtenir ]a coherence necessaire pour notre experience
subtraction so that the tnherent difficulty of obtaining an incoherent avec une source relativement grande. Nous donnons des resultats
point source can be alleviated. Experimental results for the color experimentaux. La plupart des images etant des images en couleur,
image subtracton obtained with the incoherent processing techni- cette technique de soustraction peut avoir des applications diverses.
que are nven. Since most images are multi-colored, this color image
subtraction technique may offer a broad range of applications.

I. - INTRODUCTION We have in a recent paper [2] demonstrated a
technique of image subtraction utilizing an extended

One of the most interesting segments of optical incoherent source. Since the image subtraction is a

information processing must De the image subtrac- one-dimensional processing operation and the Spa-

~ tion. The applications may be of value in earth resource tio coherence requirementiti s.
studies. urban development, highway planning, landis a oin-pair coherence reuirement it is.
use. surveillance, automatic tracking, and many therefore. possible to encode an extended source to

others. The image subtraction may also be applied obtain the required spatial coherence. In a previous
S to video communications as a means of bandwidth paper [3] we have shown a Fourier transform rela-compression. For example it is only necessary to tionship between the spatial coherence and sourcemtransmi the differences between the two images intensitv distribution. In principle, it is possible to

in successive cycles, rather than the entire image in encode an extended source to obtain an appropriate

S each cycle, spatial coherence for specific information processing
There are several techniques available for image operations.

subtraction which can be found in a review paper by Stctly speaking, all images in the visible wave-
Ebersole il). However most of the optical image lengths. which includes the black-and-white images.

subtraction techniques have relied on a coherent
source to carry out the subtraction operation. But a i. this paper. to extend this incoherent processing
coheren- optical processing syster is plagued with technicue for color image subtraction.

' coneren" noese. whacn frecuentix lmits its processin.z
. canabi:: e II. - COLOR IMAGE SUBTRACTION

\We vi no, CesZri'e a co o irttace sQ :ractoC:.
I", :.:.; s:.ncia: f.r= S,:o r,:a J :::i :, on ,;:.c: ar. F;. 0-rai. =  :t: . at. encodec extence: mncoheren:

-v, :'1 : :,a e.. S:r--e ,(s:.-,, ' =. ~z :. . a ... . ,- :z :.-. "z" -Fo r .::::\. :\\ ,

- .- ~ .. ]
~~'* 'vv d V.' ~ ~ ~ -1
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incoherent light sources, each for a different color of where ,(x, y) and (x, y) denote the red and greenlight (i.e., red and green), are used for the subtraction subtracted color image irradiances, O,, O,, Oloperation. For the detailed analysis of image sub- and 02 are the corresponding red and green colorItraction with an encoded extended source we refer input objects. From Eq. (4) we see that the subtraci-the reader to our previous paper [2]. ed color image can be obtained at the output image 1, ~ In color image subtraction, we insert the color plane. Since the color image subtraction is obtainedi image transparencies 02 (x, y) and 02 (x, y) in the with extended incoherent sources, the coherent art-open apertures of the input plane P2 which can be fact noise can be suppressed.escribed 
as(1) fx, y) = 01 (x - A o. y) , 02(x -h . ) 1ll. - SOURCE ENCO DING ,• ' FOR IMAGE SUBTRACTIONwhere 2 hk is the separation between the two inputtransparencies 0: and 02. Two sinusoidal gratings We would now consider a source encoding techniqueG: and G desined for the red and the green color for image subtractio,. As we have pointed out earer.wavelengths respectively are inserted in the spatial the image subtraction is a I - D processing opera-frequency plane P3 and can be written as tion and the spatial coherence requirement is depen-dent upon corresponding image points to be subtract-(2, G = l[ - sin (h p,a. ed. Therefore, instead of utilizing a strictly broad sa-" _ 'tial coherence function. a point-pair spatial coherencea n d 

i su f ic ie n t. T o in su re a h ysic a ll re a liza b le so u rc e
= 1 [ - sn (A0 p,)]intensity distribution, we let the point-pair spatial
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integer, and the peak values of the pulses are weighted spatial frequency requirement is high, then a narrow
by a broader sinc factor, as shown in figure 2(a). spectral width of the light source is required.
From this figure, we see that there exists a high degree
of spatial coherence between every point-pair of the IN. EXPERIMENTAL DEMONSTRATION
two input objects 0, and 0 ..By taking the Fourier
transformation of Eq. (5), we obtain the following Strictly speaking, light sources emitting all primary
intensity distribution 13] colors (i.e., red, green, and blue) should be used for

X Ithe color images subtraction. For simplicity of expe-

(6x) = X1 rect rimental demonstration, a mercury arc lamp with a
green filter (5 461 A) and a zirconium arc lamp with

*a red filter (6 328 A) were used for the color light
where w is the slit width, d = (;.f)/h is the separation sources. The intensity ratio of the two rcsulting light
between the slits of the source coding apertures, . sources was djusted to about unity with a variable
is the wavelength of the light source, and f is the local beam splitter.

, length of the collimating lens. Thus the intensity The slit widths for the source encoding masks were
distribution of Eq. (6) represents N number of narrow about 2.5 p and the spacings of the slits were 25 p
slit apertures with equal spacing d. as shown in for the green wavelength and 29 p for the red wave-
figure 2(b). From this result, it is possible to encode length. The overall size of the source encoding masks
an extended source to obtain a spatial coherence func- was about 3 x 3 mm2 which contained about 120
tion at the input plane for the subtraction operation. and 100 slits respectively. The focal length of the

transform lenses was 300 mm. A liquid gate containink
two color image transparencies about 6 x 8 mm-
each and with a separation of about 13.2 mm was

,sinc1 i (-x')] placed behind the collimator. Two sinusoidal gratings
"/ with spatial frequencies of 11(25 ;) and 1/(29 W) were

4 V \,used for the green and red color image subtraction
operation. as shown in figure 1.

_, / -\, In our first experimental demonstration, we provide
in figures 3(a) and 3(b) two sets of different colored

1 2

IIIGd - (a A Po cnt-pat, $tit Coherence Functon :ne c Source
£ncoaing Mask.

i Since the scale of t.he Fourier s-~e:.:7= varies A,,,h
the wavelength of the lien-, source. a. tempora: cohe-
rence reauwremen, shoui'c aiso be imposed or eve-N"
processing ope-,atior. In. ot." %k0705. Me speClra',

+ width t.. ernnora: coherence, of 1he^ i -+" source

shouid be restrictec t. :ne tfohoVlng inecual't'

"here , 7e .e .e . c: :.e .:: .. , r
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-& P A. ~.~ .



83 I
186 F. T. S. Yu, S. T. WL J. Optics (Paris). 1982, vol. 13. n, 4

English words as input objects. Figure 3(c) shows the profiles of a cucumber and a tomato can be seen
the subtracted color image obtained with the color at the output image plane.
subtraction technique. The input words STATE For the final demonstration. we again provide
U Nil'. are red and green respectively in one set but two continuous tone color images of a parking lot as
they are green and red respectively in the other set input color object transparencies. as shown in

,while in the subtracted image, as shown in figure 3(c), figures 5(a) and 5(b). From these input transparen-
both words are in yellow color, which is consistent cies. we see that a red color passenger car shown in
with the result we expected. In other words, the sub- the parking lot infigure 5(a) is missing in figure 5(h).
tracted image of red and green produces yellow color Figure 3(c) is the color subtracted image obtained
since the red and green wavelengths are incoherent from the incoherent color image subtraction techni-
and therefore add incoherently to produce a yellow que as previously described. In this figure, a red
color, passenger car can clearly be seen at the output image

For a second demonstration, we provide two conti- plane. It.is also interesting to point out that the parking
nuous tone color images of two sets of fruit, as shown line (in yellow color) on the right side of the red car
in figures 4(a) and 4(b). By comparing these two can readily be seen with the subtracted image.
figures, we see that a dark green cucumber and a red
tomato are missing in figure 4(b). Figure 4(c) shows
the subtracted color image obtained with this incohe-
rent color image subtraction technique. In this result.

6a)

Elt

Fic ol- i'mog Sua rrro,.Ctl o ,, Or. con.:Tnuou
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V. - CONCLUSION incoherent subtraction technique. Since virtually all
images of natural objects are color, the technique may

We have introduced a color image subtraction offer a wide range of practical applications.
technique with encoded incoherent sources. The
basic advantage of source encoding is to increase REFERENCES
the available light power for the image subtraction [1) E&EkSO.E 0. F.). - Opt. Eng. 1975. 14. 436.
operation, so that the inherent difficulty of obtaining 12] Wu (S. T.. ' U (F. T. S.). - Appl. Opt. fto be pubhlished).

incoherent point sources can be alleviated. Since the [31 YL (F. T. S.). ZHUAtG (S Li. %k L" (S. T.).-Appl. Pis.
technique uses incoherent sources, the annoying (to he published).
coherent artifact noise can be suppressed. We would
see that the concept of color image subtraction may
also be extended to the use of white-light source, for The authors wish to acknowledge the support by U.S. Air Force
which a program is currently under investigation. In Office of Scientific Research Grant AFSOR-81-0i48.

experimental demonstrations, we have shown that
color subtracted images can be easily obtained by this (Manuscript received in August 3, 1981)

In Q Masson, Paris, 1982
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3 Rainbow holographic aberrations and the bandwidth
requirements

S Y. W. Zhang, W. G. Zhu, and F. T. S. Yu

4 Rainbow holographic image resolution, primary aberrations, and bandwidth requirements are presented.
The results obtained for the rainbow holographic process are rather general, for which the conventional holo-
graphic image resolution, aberrations, and bandwidth requirements. can be derived. The conditions for the
elimination of the five primary rainbow holographic aberrations are also given. These conditions may be
useful for the application of obtaining a high-quality rainbow hologram image. In terms of bandwidth re-
quirements. we have shown that the bandwidth requirement for a rainbow holographic construction Ls usually

k- several orders lower than that of a conventional holographic process. Therefore. a lower-resolution record-
ing medium can generally be used for most of the rainbow holographic constructions.

I. Introduction Since the effective aperture of a rainbow hologram
The rainbow holographic process of Benton' involves is generally smaller than that of a conventional holo-

two recording steps. First, a primary hologram is made gram, the spatial bandwidth requirement is generally
from a real object with the conventional off-axis holo- somewhat lower for the rainbow holographic process.
graphic techniques, and second, the rainbow hologram Therefore, it is usually possible to construct a rainbow
is recorded from the real hologram image from the pri- hologram utilizing a lower-resolution film.
mary hologram. The relaxation of the coherence re- 11. Rainbow Holographic Resolution
quirement on the reconstructing process arises from the
placement of a narrow slit behind the primary hologram In a recent paper,6 the resolution limit and color blur
in the second-step holographic recording. However,the of a rainbow hologram were analyzed from diffraction
two-step holographic recording process is cumbersome optics. However, in practice, the slit used in a rainbow
and requires a separate optical setup for each step. It holographic process is many orders larger than the light
is usually a major undertaking for laboratories with wavelength. Therefore. the rainbow holographic pro-
limited optical components. An alternative method of cess can also be approached from slightly different
obtaining a rainbow hologram is the one-step process configurations as depicted in Fig. 1. For simplicity.
of Chen et a!. - They had shown that the one-step both the recording and the reconstruction processes are
technique offers certain fiexibilities. and the optical drawn in a composite diagram, where H1 represents the
arrangement is simpler than the conventional two-step primary hologram which is in contact with a narrow-slit
process. We also note that the color blur of the Benton aperture SL. H,. represents the constructing rainbow
type rainbow hologram has been subsequently analyzed hologram, O(xoYo) is the object image point. I(xi,y,) is
bv Wvant. 6 Chen.' and Tamur. Recently. Zhuang et the rainbow hologram image point, and R ix,,, and
al. - investigated the image resolution and color blur for CtX',. ) are the reference and the reconstruction point
a one-step rainbow holographic process utilizing dif- sources. respectively. We note that if 0 and SL rep-
fraction optics. resent the objeci and slit images due to an imaging lens.

In this paper. we shall evaluate the primary aberra- the same diagram of Fig. I can also be used for the
tions and bandwidth requirement for a rainbow holo- anahysis of a one-step rainbow holographic process.
graphic process. The correlations for the elimination With reference to Fig. 1. it is evident that the coor-
of the rainbow holographic aberrations are presented. dinate points P 1 and Pi: are the marginal extensions

of the rainbow holographic recording region. which can
he written as

Tnt as'nor are witr, Penn iva.-u Stait 1 mn erc'. Eiet-r.ca.
E n etrin Deiaatrner.: I iver5:T-. Par, "'enn .,anaa lvF -

% . . . . .. . . .
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Thus, the complex light-amplitude distribution due
to the object image point 0 at the rainbow holographic
recording plate H 2 is 0 R

and the corresponding complex light distribution due P,
to the reference and reconstructing (called illuminating)
beams are w I

U 2(x;kj) = A 2 expl-ik IlLI + (X - x,) 2 ]1 /2 , (4)

U3(x;k 2 ) Ai exp)-ik 2lL2 + (x -x)
2 1"/), (5)

respectively, where the spatial impulse response is SL

hl(a - x;k 2) - A4 explik2 1
2 + (a - x)121/

21, (6)

Ai is a complex constant, k = 2r/X, and X1 and X2 are
the wavelengths for the rainbow hologram construction Fig. 1. A composite rainbow holographic construction and recon-

and the reconstructing processing, respectively. struction process for the evaluation of the hologram image resolution
The corresponding complex light field of the rainbow and the primary aberrations: H1, primary hologram; SL, slit aper-

hologram image point I is ture; 14', slit width; H2, rainbow holographic plate; 0, object image
f P11du, point; 1, rainbow hologram image point: R, convergent reference point

Bi(crkO C 1  U 1UUtJhdx - C2 sinc + oi) (7) source; C, white-light reconstruction point source.
SP12 IX291,

where A , =f X(d + s) (12)

1, = dLL, (8) VV

= pLIL 2 + dL 1 - udL2  We note that these results are identical to the results we
o LO L+Pobtained previously by Zhuang et al. It It is evident

SL2 ,(9) that this partial geometrics approach simplifies the

,." (liai) identifies the position of the rainbow hologram rainbow holographic analysis.
image point 1, and u- A \ 2/ 1 . III. Rainbow Holographic Aberrations

The magnification of the hologram image can then In evaluating the rainbow holographic aberration, we
be written as expand the exponent of Eq. (7) in binomial expansionsuc asM=a, M 4,( d d .t-I such as

1 0+ t (0)

and the resoluti o~x k L 2 + (X - 0.)2]1/- k + _L 8
and the resolution limit of the rainbow holographic [ + - 8L

process is (131

__.___, ,L L 2.(d -"s) Thus. bv retaining the first three terms of Eq. (13). the
1H. = UL - - " (11 third-order primary aberrations of a rainbow hoic-

- graphic process can be obtained.

where W is the slit Aidth. If both the reference and the To evaluate the third-order primary aberrations. the
reconstruction beams are plane waves, the resolution phase factor of the real rainbow hoiogram image can be
limit becomes written as

With reference to the binomial expansion of Eq. i3.
Eq. (:41 car, be written as a configuration of the oroer
terms. i.e..

where c,,. c,,. and o are the firs--. second-. an
igrner-oraer terms, which shal r* iznored in our e a.-

uaior. ne ::rc-(,raer term.: c. wr:te. as

. a'.a - . , " " ; : - . .2 -2-
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affected by the wavelength spread AX\2 during the re- From Eq. (21) we see that the variation of the astig-
construction process. We note that this wavelength matism is identical to that of the variation of' curvature
spread AX\2 is limited by observer eye through the slit of field. In ending this section. we point out that the
image. Thus, the effect of aberration variation due to above equations have useful applications for evaluating
AX\2 can be determined a-s shown in the following, for the rainbow hologram image quality.Bsimplicity as a I1-D notation:

As I &\ 2 f A) 2 (1 fL + _L &12
I _ \ 2  T A L d3  a 2 1,

j A2 +AX 2  1 17 L(L d)(uALIL 2 + Lid - AL~d)
A\2  X, L2L (dL 1 L2) (19)

1\ 2 Il d3 Lll A, X I I,'d L1 )

N+ 2L 2(L, - d ( 1111 ,C.
l?1(L 1L 2 + Lid -L 2d) d L2  L) ]

A2  A L( d:1 I~ Id LJ

+ 2L 2(L, -(20(
toLiL 2 + L I- L~d) L7MiJf(0

AF~~ ~ ~ aA - - FI x'- i."11?( - di, J JJ+ +2LiL + Ld L 2 d) JU

L2~ 2, d iL A, L~ Ld(1

- +O!X XbZ,] d X , M,(2

d [ LI L _1 L2 L"(r (22

IV. Bandwidth Requirements
FSince the effective aperture of P rainbow, hoiozrarn .

isaen erally smaller than that of a conventional how*-
- - gram. it is Dosible that a lower-resolution imcr

ztCutilized. Therefore. it is our aim in tnis sectior c .
-. c.cuss the bandwidth requirements o: a rain bo% n,,,K ~~~~graphic process. frtecs nwir n

We shall investigaie-te ecs n\nc, ,f -,4
the coject image are located at )P D.Sue( ;Ct--
rainbow holographic plots n:a n, r r.r

________0O and C1, are- The Two external Poin,,-
object Image( r constructeci :rom2 a ~..

__________HI. Titus. rotFig e

Fig. :.A composite rainbou hoiographic construction- a-ic tfcu,,

struction process ior determnining trip tanowidir, reouiremen-.s~

primary ~ ~ ~ ~ ~ ~ ~ ~ -hooran S_' sl. a!a'.ae V. . ltudn .r~r,
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Similar to what we did in previous sections, the where t, denotes the spatial frequency. Therefore, the
complex light fields U1, U2. and U,, due to the object spatial frequency bandwidth of the rainbow hologram
image points 01 and 02 and the reference beam R can can be shown as
be formulated. The terms contributing to the rainbow
holographic reconstruction process are A,'- 1'321,-P - ,'1 II-,(Li + s)Ao

ffi; + L':L.' - 21AIIIA31 COS - d - X + (L, - d)WIV], (30)2d

+ (X-X +(24) whereg=s+dandAx0 =x 02 -Xoi. Ifwe let

1 [ X02) I _L X01(31)
LU2u;, + U3AU; = 21A 2 1 IA31 cos 1,II- d - -2

2  At X R~ Ll1

S(X - l X,119 ± W (32)
+ - +12}, (25) X'g LJ

Eq. (30) reduces to
where A, A2, and A are the complex constants, and 01AEq.A(30)+reduces(to
and 0t2 are the constant phase factors. The phase shifts A" = Az' + A'2. (33)

due to the U1, U2, and U3 are where Ai'1 and Ai'2 are the spatial frequency bandwidths
due to the size of object image and the slit of the rainbow

d= I + 0, (26) holographic construction. respectively. Moreover, Eq.
2d 2(30) can also be written as

- k 1  d -(X - X02)
2 (X - X027( - k LI- d + + +2, (27A Ax + W+ (sAx - d)

respectively. From this equation, we see that if (Axo)/W > dis, in-
The derivatives of oel and 032 represent the angular creasing L, can compress the spatial frequency band-

spatial frequency along the x direction. Thus, the width of the rainbow hologram. On the other hand, if
corresponding linear spatial frequencies are (Ax 0 )/ 'i' < dis, decreasing L, can also compress the

._(2 spatial frequency bandwidth of the rainbow hologram.
1'31 ox" - ) +-- (28 However, for the case (Axo)/W = dis, the L, is inde-

X LI d d~J pendent of Ai'.
I~ ~~ +~1j1 1 x 2 X (29) Table II shows the spatial frequency bandwidth re-

2- dX At l, d) d LJ quirements for various rainbow holographic recording

Table II. Rainbow Holographic Bandwidth Requirements

L I Reference waveform A

1

L; plane wave - (Ax, + Wi

c<.<convergent 7--4) ~c -1Ej~

= d convergent 7 AX
A C< < i ':

P<L:<d convergent [-

-s < L. <-P di.ergent -1 .xc- -. W

= -s divergent -

A-

- < .- < -, drvergen: " - , - -wave

- ." .-a- ' -r" .-,--- r

16E 4--= ;Z:e ev C C NL -I.-

NN

Cal
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conditions. In this table, the notation p denotes the V. Conclusion
distance from rainbow holographic plate H2 with re- The image resolution and third-order primary aber-
spect to the reference beam R, where the paraxial ap- rations of a rainbow holographic process were derived.
proximation holds. The results that we have obtained are rather general.

We note that, for a 2-D case, the general formulas for for which the resolution limits and the aberrations of
spatial frequency bandwidth requirements for a rain- a conventional holographic process can be derived from
bow holographic process can be written as these results. The conditions for the elimination of the

[I 1_, A+ 1 w] rainbow holographic aberrations were also presented.
C11 L, j A 0 + 1- - These conditions are very useful for controlling the

(35) rainbow holographic image quality.
I, + _L ] .o + I - ±1Ll The bandwidth requirement. of a rainbow holographic

process was also evaluated. As compared with the
where and At,, are the corresponding spatial fre- conventional holographic process, the bandwidth re-
quency bandwidths in the x and y directions, respec- quirement for a rainbow holographic process is usually
tively, for AXo > 0, Ayo > 0, and s > 0. It is inter- several orders lower than that of a conventional holo-
esting to note that ifs = 0, W = L,, and L = Ly, which graphic process. Thus. in practice, a lower-resolution
correspond to the recording conditions of a conventional film can be utilized for most rainbow holographic con-
hologram, Eq. (35) reduces to the results obtained by structions.
YU, 12 i.e.,

We wish to acknowledge S. L. Zhuang for his valuable
-6' . .A0 comments and suggestions and the support of the U.S.(36) Air Force Office of Scientific Research grant AFOSR-

'- +fi [ I Lv]. 81-0148.

To have some feeling of magnitude, we would provide
two numerical examples as given in the following:

(1) For conventional holograph construction process;
we let L. = L> = 100 mm, Ax 0 = Ay0 = 60 mm. d = 200
mm, L1 - -, and X, = 5 x10- 4 mm. By substituting
these data into Eq. (36), we obtain the following band- References
width requirements: A,, = Az ' = 1600 lines/mm. 1. S. A. Benton. J. Opt. Soc. Am. 59, 1545A (1969).

(2) For rainbow holographic" construction process, 2. H. Chen and F. T. S. Yu. Opt. Lett. 2. 85 (1978).
we let W = 7 mm, L = 100 mm, s = 830 mm, d = 40 mm, 3. F. T. S. Yu and H. Chen, Opt. Commun. 25, 173 (1978).

L= 1000 mm, = 5 X 10-4 mm, and Ax0 = ,yo = 6 4. A. M. Tai. F. T. S. Yu. and H. Cher.. Appl. Opt. 18. 61 (1979).
mm. By substituting these data into Eq. (35). we obtain 5. F. T. S. Yu. A. M. Tai. and H. Chen. Opt. Eng. 19.666 (1980).
the following rainbow holographic bandwidth require- 6. J. C. Wyant, Opt. Lett. 1, 130 (1977).
ments for the x and y directions: Ar., = 40 lines/mm, 7. H. Chen. Appl. Opt. 17, 3290 (1978).
and Av, = 246 lines/mm. In comparison with these two S. P. N. Tamura. Appl. Opt. 17, 3343 (1978).

numerical examples. we see that the bandwidth re- 9. S. L. Zhuang. P. H. Ruterbusch. Y. W. Zhang. and F. T. S. Yu.
Appl. Opt. 20.872 (1981).quirements for the rainbow holographic construction 10. M. Born and E. Wolf. Eds_ Princ:pies of Optics (Pergamon. Neware somewhat lower than those of the conventional York. 1964).

holographic process. Thus. in practice. a lower-reso- ii. R. W. Meier. J. Opt. Soc. Am. 35.9S9 (1965i.
lution film can be utilized for rainbow hologram re- 12. F. T. S. Yu. Jnrroduction to Diffracior Information Processing
cording, and Hologrcphy (MIT Press, Cambridge. 19731.
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Pseudocolor Color Encoding with Primary Colors
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* WHITE-LIGHT DENSITY PSEUDOCOLOR ENCODING
WITH THREE PRIMARY COLORS

F. T. S. YU. X. X. CHEN. T. H. CHAO

Molls 11 I': KI.' o\iu)s

Traitement des images Optical processing
Pseudocouleurs Pseudocolors

Images codees par trois couleurs primaires

SUMMARY .: A technique of generating density pseudocolor RISUME : On decrit une methode de codage pseudocolore avec

encoding with three primary colors using a white-light optical trois couleurs primaires en utilisant un processeur optique en
processor is described. Spatial encodings are made with positive, lumiere blanche. Le codage pscudocolore est fail en fihirant par des
negative, and product of positi.e and ncgative photographic- ecrans colores les spectres de transparcnts photographiques.
image transparencies. and the pseudocoloring is obtained by color Le proc~ed est simple et il permet des applications varices dans de
filtering of the smeared Fourier spectra. The technique is simple, nombreux domaines. Leclairage 6tant incoherent, on evite les
versatile, and economical to operate that may offer a wide range d6fauts bien connus des images en lumirc cohercnte.
of applications. Since coherent sources are not utilized, the color Quelques exemples montrent I'elficacite de la methode.
coded image is free from coherent artifact noise. Experimental
demonstrations of this density pseudocolor encoder are provided.

Most of the optical images obtained in various ed. however there is a spatial resolution loss with
scientific applications and usually gray-level density the half-tone technique and number of discrete lines
images. For example, scanning electron microscopic due to sampling are gencrally present in the color-

, images. multispectral hand aerial photographic ima- coded image. A technique of density pseudocoloring
ges. x-ray transparencies, etc. However. humans can through contrast reversal was recently reported by
perceive in color better than gray-level variations. In Santamaria c al. [51. Although this technique offers
other words, a color coded image can provide a the advantage over the halftone technique. the optical

! greater ability in visual discrimination, system is more elaborate and it requires both inco-
In current practice. most of the pseudocolorings herent and coherence sources. Since the coherence

rA are performed by digital computer technique 11. If source is utilized, the coherence artifact noise is
the images are initially digitized, the comnptiler tech- tinvoid;,lc.
nique may be a logical choice. I However, for conti- More recently a density pscudocolor encoding
nuous tone images. optical color encoding tcch- using a whitc-light processing techniquet was reported
niquc [2] would be more advantageous for at least by Chao. Zhuang and Yu 161. This technique offers
thrce m:jor reasons : first, the technique in principle the advantages of coherence noise rcdt ct in, no
can preserve the spatial frequency resolution ol the apparent resolution loss. versatilvi and sinplicity of
image to be color coded: second, the optical system system operation, and low cost of pseudocoloring.
is generally easy and economical to operate third. Although excellent results ha\e been reported by this
the cost of an optical pseudocolor encoder is gene- technique. however pseudocolor encoding is primarily
rally less expensive as compared with the digital obtained by means two primary colors We shall, in
counterpart. this paper. extend this shite-light pseudocolor encod-

Density pseudocolor encoding by halftone screen ing technique for three primar. colors. There is
implementation with a coherent optical processor however one disadvantage of this proposed technique.
was first reported by Liu and Goodman [3]. and later it is still not a real-time pseudocolor encoding tech-
with a white-light processor hb Tai. Yu and Chen [4]. nique.
Although good results have been subscquently report- We shall nok describc a simple , hic-light dcnsity
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pseudocolor encoding teechnique for three primary We shall now bleach the encoded traiispareicv (o
colors. We assume that a x-ray transparency (called obtain a surface relief phase obiject 17. 8j. We assume
a positive image) is provided for pseudocoloring. By that the bleached transparency is encoded in the
contact printing process. a negative x-ray image linear region of the diffraction efficiency D iversusItransparency is madc. Let us now describe a spatial log-cxposurc E curvc [1. Thus, the amplitude trans-
encoding technique to obtain a three-gray-level- mittance of the bleached transparency can be written
image encoding transparency for the pseudocoloring. as
The spatial encoding is performed by respectively

SLsampling the positive. negative, and the combination ():x )=epix i
of both (i.e.. the product of positive and negative) whrI~,i)rpeet h hs ea itiuintransparencies onto a black-and-white photographic whr x,.iepsnttepaedladsrbuo.
film, with specific sampling grating frequencies orient- whcispooronltteexsuefteecdd
ed at specific azimuthal directions. To avoid the film 191, such as
Moire fringe pattern, we shall sample these threc (4) #, (x, y) =M 'I (x, .v) I I + sgn (cos /)I yi]
images in orthogonal direction with different specific
sampling frequencies, as proposed in figure 1. As an + T 2 (x. )[I + sgn (COSn, x)]

ik ~+ 'T3(N. Y) I + sgn (COS /13 X)] 1,
COII,,,,led ColIl-oted Colirooled
WII,'e L.91,1 Wh~ie L~qlrI Wh~le L, 1h, Ertended whIIC-L~ghi

I j Sorc

Ne aI Ipl' t 9 I'eIoov

Neo o. P, L' loe Colo, Fdle,

Tionsporenc 'FronspotecOy T'Ofi100'Cy/ TrOeloorency -Red Colo, Fl11,,

.A Prrotoqrool C F.In. Photogrsphc Ff1,,, PhOI0q'oon,c F.1. I LZ

FIG I - Spatial encoding. WS#~ C 1-upu ln

PZ

illustration, the intensity transmittance of the encoded I 'PI

Z film can be written as

()Txy)=K(T, (x, y) 11 + sgn (cos p, j)] FIG. 2. - A white-light pseudocolor encoder.
+ T2(X. I + sgn (cos p. x)] ,

where K is an appropriate proportionality constant,
T,. T,. and T., are the positive, the negative, and
the product image exposures. Pi. /'2. and p., are the where M is an appropriate proportionality constant.
respective carrier spatial frequencies. (x. ' ) is the If we place this bleached encoded film at the input
spatial frequency coordinate system of the encoded plane P, of a white-light optical processor. as illus-
film. y is the film gamma. and trated in figisre 2 then the complex light distribution

due to t(x. 0). for every /A. at the spatial frequency
(2) sgn (cos x) A J 1. COS X >_ 0. plane P2 can be determined by the following Fourier

CO I.csX < 0. transformation

(5) S(M. fi ) j(x. y) ex 1 - i(Ox + fly) dx dY = exp[i4)(x. Y)] expL i L (ax fly)j dx dv.

By expanding O~x. Y) into an exponential series. Eq. (5) can be written as

(6) 1a f? )= j iOvx. I-) -~ .[16(x. t)J- exp[ N-- ax b)] dx dvi

11%, stibstituting I'L. (4) into I q. (6) and retaining the riist-oider icris and thle ft 1st-older coin olut ion terms.' %%k,
have

&S~V %.s . ,W.. . . ...
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(7) Srt +I /?I ~a i + 2 a 1
2 ~

U ~ + 7t3(a ± + t, (0"I O 4 . f( ±L

+ ± LP2, 1) t 3 (± P3,

where T, t, and 4, are the Fourier transforms of T,. T, and T., respectively. * denotes thc convolution opera-
tion. and the proportional constants have been ncglccicdi for simplicity. We note th1at. 11he last CtOSS pr-oduLCt icrmn
of Eq. (7) would introdue a Moire fringe pattern. which in thc Samec sampling direction ofP2 and /),. Nevertheless.
all of these cross product terms can be properly masked out at the Fourier plane. Thus by proper color Filtering
the first-order smeared Fourier spcctr..as shown i figue( 3. a, Moire free psetidocolor coded imiage call be obtained
at the output plane P3. The corresponding complex light field immediately behind the Fourier plane would be

(8) S(a, 13) a 1 . ft- .f.~)+T -b f-2 3 + +1)

0

2415 film is that it is a low contrast film with a rela-
tively fiat spectral response. The plot of diffraction

Blue Coo ilter efficiency versus log-exposure for Kodak 2415 film
at 40 lines/mm sampling frequency is shown in
figure 4. From this figure, we see that the bleachedI optimum value occurs at exposures 8.50) x 1 0- mcs.

With reference to this optimum exposure. it is possible
to optimize tenrcoding process in the Following

IZZZ: .first, preexposuring the film beyond the shoulder
region ; second, subdividing the remaining exposure

62 into three regions by taking the account of the trans-
mittent exposures of the three encoded images.

Stoo Bond Green Color Filter 0 K0 o iedil

Si N~eoched

FIG. 3. -Filnrwr platte color jlhering. 20C

where .4and arc the respective red, blue. and Log~ Euiuosre Cmes)

gree colr waelenths.At the output image plane. IR.( 4 - Diftruea im d/cin ll V ,Lrsti% lop c(- . 1j. phrn ofa 1.1 ipeadi
tepseudocolor coded image irradiance is therefore. *11hlildil 01eduO/ flil?)

(9)1 (. ',f. ) +7',(x. j') + T29 x .)

whichis asuperposition of three primary color
encoded images. where T,,. T2,. and T.,, are the In pseudocoloring. we utilize the Kodak primary
red. blue. and green amplitude distributions of the color filters of No. 25. 47B and 58 in the Fourie'r
three spatially encoded images. Thus a Moire free plane. as shown in figure 3. A xenon-arc lamp is used
color coded image can be obtained at the output as extended white-light source for pseudocolor encod-

S plane. ed of figiure 2.
in our experiment, we utilized two sinusoidal For experimental demonstrations. %\e would first

sampling gratings. one is 26.7 lines mm and the provide a gra\-le~el x-raN picture of a front viewk
other is 40 lines mm for the spatial encodings. The female pelvis, as sho%% n in lrgiirc .5 a,. Fi 'iiure 5' hr
encoding transparenc% was made bli Kodak tech- shows the color encoded image obtained' b\ the
nicmal pan Film 2415. the advantage of using Kodak white-light pseudocolor encoder In this color coded
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liare. tile poit iw ill;Iagi' ll CIceodll III led, tile
ncg~i ivi iiage is enicoded in bilue. anid (lIie pi od uct
transmittance of the positive and negative images is
encoded in green. From this figure. we see that a
broaid ranige of pseudocolor encoded dcnsity can bc
perceived, and the color-coded image appears free
from coherent artifact noise and Moire fringes. The

from a surgical operation. where the bore and point
hardwares can be seen. A section of the bone, between
the sacroiliac joint and spinal column, has been

- removed.
1t mny also he interesling to not li ii a reversal

fRof l te c~fo Cu lIug111 Call lie casill olilaiuied bN ill Is
%J ~White -light pseudocolor. encoding (echcl iue. aIS Shownl

tilill jIh.ni w. 5ci. Inl lthis fi'ii, i te positive iiii1igc i-.
en~coded inl blue. tle necgative invmge is encoded in
red, and the product transmittance is encoded in
green. From this figure. again we see that a broad
range density pseudocolor encoded image with diffe-
rent color textures can be obtained. For example the
air pockets in the colon of the patient in figure J(r)

% is much easier to be identified. In concluding this
paper, we note that a wide variety of pseudocolor
encoded images can easily be obtained by simply
alternating the color filters in the Fourier plane of
the white-light processor. The proposed white-light
pseudocolor encoder is economical and easy to
operate. which may offer many practical applications.
There is. however, one disadvantage of this technique.I it requires a spatial encoding process. Therefore.

(b) it is not a real-time pseudocoior encoding method.*
-. We acknowledge the support of the U.S. Air Force

Office of Scientific Research Grant AFOSR-81-0148.
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Coherence measurement of a grating-based white-light
optical signal processor

S F. T. S. Yu, F. K. Hsu, and T. H. Chao

A lo-Ilaif inlerfereuc( let bioie for co(herence mnsigrenwit in ft- F-ouier ipla~tu ofI i grll iug-hased
while-lighltbic ual signail plrocessor is prvsenied. The vigiItilitv' ii osllrenien is .i- iimed w5iI it scilooiug

1414 41 . 14.1e r its d w. .i gul i I u '~l I o h e r4 4 4ss ior. T hl ivi -.l -1r 4 o lvi -, - , 4 ' , a 1 1 1 h im 11 i tit s its s 4'j4a ro i 1 , 1F
due to source size, input object size, and the spatial freq~uency oif thu sajmpling griting. is plotted. 'I'1w re-
suits show that the degree of coherence increases as the spatial freq~uency oif the sampling grating increases.
However, this improvement of coherence is somewhat more effective in the direction perpendicular to the
light dispersion. Thus. this white-light signal processing technique is more effective in one dimension.
Since this white-light processor is capable of processing the signal with the entire spectral hand of the light
source, it is very suitable fo.r color image processing.

1. Introduction tially coherent mode in the Fourier plane as a partially
In the 1930s, work byv Van Cittertl and later bv Zer- coherent processor instead of an incoherent pro-

nike2 drew attention to the study of partial coherence. cessor.
They have shown that the spatial coherence and the In this paper we sha describe a dual-beam technique
intensity distribution of the light source form a Fourier for coherence measurement in the Fourier plane. We
transform relationship. More recently-, the work of shall show that a high degree of coherence can be ob-
Thompson- has demonstrated a two-beam interfer- tained in the spatial frequency plane such that the sig-
ence technique t~o measure thle degree of partial coher- nal can be processed in complex amplitude for the entire
ence. Helhas shown thiat. under quas1 i-mono11(chroma'tic spectral band of the while-light source.
illumination, the degree of spatial coherence is depen- 11. White-Light Optical Processing Technique
dent on the source size and the distance between two
arbitrary points. The degree of temporal coherence is With reference to the schematic diagram of Fig. 1, the
however dependent on the spectral bandwidth of the white-light optical processor is similar to that of a co-
light source. He has also illustrated several coherence herent optical processing system, except for the use of
measurements that are consistent with the Van Cittert an extended white-light source, source encoding mask.
mode in the Fourier predictions. signal sampling grating, and achromatic transform

Wse recently proposed a grating-based while-light lenses. By the Wolf p~artial coherence I heorv,-Y the
optical signal processor.'"' We have shown that the output. intensity distribution can be obtained by the
white-light processor is capable of processing the in- following integrating equations"':
formation in complex amplitude like a coherent pro-AI
cessor, and at the same time it suppresses the coherent I~x,' Wo J "x)~
art ifact noise like an incoherent pro~cessor. InI otlher()
words, this white-light processor is operating in a par- . i + (V- Epty (

)( exp- i - X41 +Y 11l

TV. H. Chao is with Universit y of Utah. I)epartment of Electrical wee(j, fi h nest itrbto ftesuc
Eng;ineering.Saltake C'iiv. I 'fall 8411; 1the tther nut hors art, wit h thoe tte repae yx'o(v) dStrbton13 of the sourcer

niveill~ak. ~ensviani 1602.qpetrumof he npu sinalfz~,.v. P isthe angular
Rece%,e. uk 9*.. satil fequecy f te gatig. isthefocal length of

00t~-AP ) S',0203:'.,Q 0.0) theachromatic transform lenses. Hi 4 .-31 is the complex
l%11e4 Optical 'Sociei\ (of Amneric'a. spatial filter in the Fourier plane.,A are the lower

15 January 1984 'Vol 23. No. 2 APPLIED OPTICS 333
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Fig. 1. Grating-based white-light optical signal processor: y(xoyO),

source encoding mask: L. achromatic transform lenses. to) Input Plone 1b) Fourier Plant

Fig. 2. Visibility ineastircillent along lhe ii directions: D. input slit
width d, mean slit separat ion; XA. mean wnvelength (f the light source;

and tipper wavelength limits of the light. source, and p,, ntgtlnr ,Ilinl frtmwtwy or I litlt t'ritt.
(n,/j) is the spatial coordinate system of the Fourier
plane.

In opt i-al signal lproccssing. : set of N narrow discrete cessor. we )rtolurse a duial-beani iiiterlrrence t echnique
spectral band filters H, (a,, s) over the rainbow color for coherence measurement in the Fourier plane. For
of Fourier spectra are used in the Fourier plane. Each simplicity, we would however measure the degree of
of the spectral band filters is limited by a finite spectral coherence in the f and in the a axes independently.
bandwidth that can be approximated by the following CMteqatoII8:H. Coherence Measurement Technique ,

AP We shall now describe a visibility measurement
AX - X,, po >> p. (2) technique to determine the degree of coherence in the

PO #3 direction in the Fourier plane. For simplicity, we
where Ap is the angular spatial frequency limit of the shall utilize a narrow slit as a 1 -D object at the input
input signal in the x direction, Po is the angular spatial plane as shown in Fig. 2(a). The complex light distri-
frequency of the sampling grating, and X, is the center bution in the Fourier plane would be
wavelength of the filter H, (an 0J Since the narrow IrDP
spectral band filtered signals are mutually incoherent, E(a,8;A) = C sinc (- I1 (a /P-. (4) a

* the output intensity distribution of Eq. (1) can be -I /1 2r

written as where C represents an appropriate complex constant,
N~x' N D is the slit width, f is the focal length of the achromatic

U 1O .r i i (x,.o) transform lens, po is the angular spatial frequency of the
,,, ~~\,, phase sampling grating, and * denotes the convolution

.f 4ss: +( o ,V POO )H,(a n4) operation.
-r + It is clear that Eq. 4 describes a fan-shaped smeared

._ 12 Fourier spectrum of the input slit. for which the scale
X exp - W' + y'/ ) dadO dxodyodX. (3) of the sinc factor increases as a function of the wave-

With reference to Eq. (1) or (3). we see that the length X of the light source and decreases as the size of
the objectD (i.e., slit width) increases. To increase thewhite-light signal processor is indeed capable of pro- efficiency of the coherence measurement along the !3

cessing the signal in complex amplitude for the entire direction, we woul use a pair of slanted narrow slits at

spectral band of the light source. and it is very suitable the smeared Fourier spectra, as illustrated in Fig. 2(b).
for color image processing. From these two equations, The angle of inclination of this pair of slits should be
we also see that the degree of coherence is governed by adjusted with the separation of the slits, such as,
the source encoding mask y(x0 ,y,), the spatial fre-
quency of the sampling grating po, and the spatial fre- 6 = tan- (5)
quency limit of the input signal Ap. In other words, the xnpn
source encoding function is to improve the degree of where d is the mean separation (if the slits, X,, is the
spatial coherence at the input plane and the signal mean wavelength of the light sotrce, and Pit is the an-
sampling grating is to increase the degree of temporal gular spatial frequency of the sampling grating. The
coherence in the Fourier plane, so that the signal pro- filtering function of this pair of slanted slits can be
cessing can be carried out in complex amplitude at each written as"• narrow spectral band filter.

It is not hard to see from Fig. 1 that the signal spec- Hn.3 = 3 - ,p,.3 ()

trum is dispersed into rainbow color along the a axis in 40
the Fourier plane. The improvement of the degree of The output intensity distribution can be shown as
coherence is expected to be more effective in the 3 di- N.
rection than in the n direction. In dev-ising a coherence li= 1 + C

"0. measurement scheme for this white-light optical pro- where K is an appropriate proportionality constant.

334 APPLIED OPTICS Vol. 23. No. 2 / 15 January 1964
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Sampling Narrow To investigatle the( degree of cohierence variation in
Grating sit the or direction, again we insert a narrow slit aperture

as aninput object but parallel tot he sampling direct ion
of' (he sampling grating, as shown in Fig. 3(a). Th ie

Stop hJsmearedFourier spectra cnbe shown a

0 Slit wjhich de:cribe a nrrw inar ano oo spectra

alog te i- ais.For thle visibility measurement, a pair
ofnarrow slits is inserted at the Fourier plane perpen-

dicular to the a axis and centered at a = Xofpo/(27r). as
(a) input Plane (b) Fourier Plane shown in Fig. 3(b), where X0l is the center wavelength of

Fig. 3. Visibility measurement along the a direction: D. input slit the light source and f is the focal length. The filtering
width~h. slit separatiuon:n(,. center loication ofthe pair of narrow slits; function of this pair of slits can he written as
A,, mnri wavelrogii 4i uthle lighit silirci: pt, :ntgoiarmiuui ii fr'itiecc ,,fJh A

of I he siinipliiig grat ing. ffinoj1t = A (I ~ + A 41 .a + J)" 0011i

Equation (7) represents ani achromatic tringe p~attern whr h is th7eaainbten h lt.Aanwt

dule to this entire spectral band of the light source. wehi the assumption fasbaeltsore the outut Agin-t
Strictly speaking, all practical white-light sources are test itiuio a esona

% extended sources. For simplicity of illustration, we
assume that an extended square source is used in this
white -Iight.optical processor. Thus the output inten- Ix~ C-rc ~~rc ~2
sity distribution can be written as a.J aJ - a

I X"'lrect rect Lff sinc r (a +X0) 0, Tic +Y. 0
fi ff. Xf 2,r

jjj- sin (a + *o 6( 0 .Mo 0  H(a,0)exp[-iL(X'a+Y)dad3 dxodyodX. (11)

2? 11haOepi~rW ')dd 2 doyX,() where H(a,O3) is defined in Eq. (10). From this equa-
I4)ep-i Xf (r' I vj)daI3 xdo 8 tion, again we see that the degree of coherence in the a

weeH(a43) is given by Eq. (6), direction is dependent on the source size a, the object
size D, and the angular spatial frequency Po of the

I et A 11, IxoIl : a/2, sampling grating.
a 0.,I 'iii > 0/2,

and a is the dimension of the extended light source. IV. Experimental Results
From the above equation we see that the visibility (i.e., The optical setup for the measurement of the degree
degree of coherence) is dependent on the source size a, of coherence in the Fourier plane of a grating-based
the object size D (i.e., slit width), and the angular spatial white-light optical processor is shown in Fig. 4. This
frequency po of the sampling grating. setup utilizes the principle of a dual-beam interference

Eo)tdiCS

Piii

Soo~. PISol

'S.St

fhllii osc

I Fig. 4. Optical setup for the coherence measure-

ment along the dir-own ~ .source_ eir>
coding mask. r. source si-c. [;.npu! sl:t size.

achromatic transform ien~es. r I. r'I san

Jil tots PM. photomneter. U.. (,iScope
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I pe ra c fi(i; i fdtI I ibit , sIIII i Is lIogIbe r. I Itow exer 0l1(-ov em II

0_0_ 3l-size tinder a uifoirml source size illuiiii:ii on. Fuir-
X.-' thermore, if the source size a is furt her increased, for

example, exceeding 1.0 iuim in Fig. 5. the decrease in
0 (.0,- co3here'nced (l( ItotI lie soo Irce size is not fI mi :renft. 'fhi

- d ~is primarily due to a compIIarable biro3ader ob~ject size 1)
Uo 04 \ c.g.. 1) = 0.6 mm) compared to a narrower sinc fact or

aderived fromt source size a. Nevert hieless. I lhe input

02 slit size further decreases, the changes in degree of co-
A- herence for large source sizes c'an lie seen.

N 0 We shall now pro\-ide a set Of out put fringe patterns
0 C with a set. of normalized scanned photomet'er traces as

(.) 02 144 2 16 28 30 ofw .7 shown in Fig. 6. The fringe pat1terns of Figs. 6()-ic)
r, RA 1. q2 -0 3- 1A 'w 730 f,, zd/4* f3l,-) were taiken at visibilities (of' ().88, ti.68 aund OMS I hat

Fig. r. Plto deg(~irev oif (iiherecIE along, I lie J1 dtirect iona a tILII- correspond to thle mean separat ions d (10.36. 0.72. and
*tmon oif riean slit sep.1rai ion d tor \ariows valuies 11 soulrcize SIa . /i1.44 nill at point,, a. h1. and c indicated onl the miain lobe

=d/(Xof), the mean slit separation in spatial frequency. of the plot a = 0.4 mim in Fig. 5. Figures 6(d) and (e)
*were taken on the second lobe of the visibility reap-

pearance that correspond to points d and e in'Fig. 5.
The degrees of coherence at these two points are (0.42

technique for coherence measurement. The outpuI~t and 0.15, respectively. And the corresponding mean slit
interference fringe pattern can be traced by a linear separations are 2.16 and 2.52 mm. Figure 6(f) was taken

scnigphotometer and displayed on an oscilloscope on the third lobe visibility at point f. The degree of

for the visibility measurement. In the experiment, the coherence is 0.3 and the mean slit separation is 2.88

photometer is made by mounting a photomultiplier on mm.
the top of a motor-driven linear translator. Since it is Let us now investigate the degree of cohereno: 2 as a
a I -D fringe pattern, a narrow slit can be utilized at the function of mean separation d for various input object

iptend of the photomultiplier for the visibility size D (i.e., slit width) as plotted in Fig. 7. Again, we
4- measurement, i.e., see that the degree ocoherence decreases as dincreases.

Further increase in d also causes side lobes to reappear.
I(12) In this figure we also see that the degree of coherence

I + hnincreases as object size D decreases. Finally, Fig. 8

where I and IM aire the maxi in urn anid inin itum shows the visibili ty measure as a f'unct i n of meanl
intensitiescof the fringes. Needless to say that the vis- separation d for two values of sampling grating
ibility of the fringes is in fact a measure of the degree of frequencies. From this figure we see that the degree of
coherence measurement."- i.e., V -y 1,I where '1' is the coherence is dramatically improved in the Fourier plane
complex degree of coherence. by the insertion of the sampling grating.

In the following we shall illustrate the visibility (i.e.,
coherence) measurement in the /3 and a directions in the B. Case 11: Coherence Measurement in the (I
Fourier plane.Dretn

At thIis, stave we shall now nww'(~urc I li (lee o- n
A. Case 1: Coherence Measurement in the/ herence lin the (k direction lin fte Fourier plane. The
Direction measurement technique is essen tiallv identical to that

We shall now des-cribe the coherence mneasireineo (if i-g. 4. Ce%((el)t il(,i ji3,l~i Ibfl 11 r3-IlA( I'dlin 1w ir tof

in the i' direction as illustrated in Fig. 4. We shall show horizontal slits as sh wo Ii Fig. :i. Ini coherence inea-
that the visihilit 'v varies as funct ions of mean separat ion sureinent. we centered ml-e pair (If slits at thle center of
d (of the pair of'slanted slits. so(urce size a, object size 1) the smeared Fourier spectra corresponding to3 X\ =461

'.% (i.e.. slit widt h). and spatlial fr(~equecies oIf the sampling A

pratin;:. FigimnTi slmws the viiiiiiloin (dIt tlo. digi (,I' Figorl. 91 hlow'. plot.. 10 dci:-(l idi(oiclrcm-v ; :3.

(-(llirc(',i s it i lo-I o f mIt inl scpa:riion dIl fotr \'aiiiiiis u lo on ofl s cpf;ir:ii '(0 /: lotri ' \OlO.. ii ijidsource((

values (of source sizes a. F~roim this figure we see that sizes a. From trhis figure we see that thle degree oIt co-.
the degree of coherence decreases as the separation d herence decreases as h increa, e-. Furt her incroase in
inc(r3;isI'. Further ofnurcse i (1 inc(re:iscs Ilc (3 Nul)- h iigaio cmiscs lhe rcotiuarnu (- Il i vi'1,hilitv\ side

pearance oif the coherence. St ill furt her increase in d lobes. However, the dtgree oif cohlerence is generally
causes the repeated fluctuation of visibility. Ili this not affected bY the variation of the solurce size a. Fimgure
figure. we also see that the degree of coherence increases 10 shows a set of the visibility fringe patterns that we
as the source size a decreases. There is an interest ing have ohtainied Ii the output irnage, plan(.. Ti set (if
phenomenon in this coherence measurement. W\e see pictures was taken at pmiis a. an C Od d as siiown in

* that as the source Size a decreases further, the reap- Fig. 9. The corresponding degree>- of coherence are

336 APPLIED OPTICS Vol. 23. No 2 /15 January 1984
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Fig. 6. Samples of fringe visibility patterns at the output plane. The upper portion of (al-(fl shows the fringe visibility patterns. The lower
portion shows the corresponding photometer traces. In these experiments, the fringe visibility and the spatial frequency were varied by changing
the mean separation distance d between the two slanted slits. (a)-(c) were obtained at points a. b. and c on the first lobe of Fig. 5. These
figures show the decrease in fringe visibility and corresponding increase in spatial frequency as the separation d increases. td and e were
obtained at points d and e on the second lobe of Fig. 5. These two figures also show the increase of spatial frequency as d further increases.

(fi was obtained at point / on the third lobe of Fig. 5.
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1,1 0.76, 0.50, 0.14, and 0.05. The respective separations

,o0 2.o-,- are h. = 0.36, 0.72,1.44. and 2.16 mm.,-. /We shall now plot I lie degree i f cohiereneas it func-
08 ,\ - 0.0n-- t ion of h for various values of object sizes 1) (i.e,. slit

0I 36m widths D) as shown in Fig. 11. From these plots we see'k '\I 2 i . a I fM
. . ...9- , 2mm ,-38that the degree of coherence decreases as the ohject size

o6 . increases. Figure 12 shows Ihe variatiotn of coherence"--due to spatial frequency of the sampling grating as a

function of slit separation h. From this figure we see
0 04- that higher degree of coherence is achievable with the

/ xinsertion of a high spatial frequency grating in the input
We shall now briefly discuss the overall effect of co-

herence in the (',f3) spatial frequency plane. By com-
o 0. . IInri iIr I i viil iiy I illNr . .,I . f "i 'i. 5, folI 9, wt.

N see that c.he degree ol coherence substantially increases
346 382 ,o 4 7 ,3 in the 0 direction as the source size decreases. There

Fig. 7. dieis of degree of olireiie alig the 0 direct inn as I minc. is. however, Io signifi(alt i lnlprove int the (Y di-

ion of mean slit separation d for various values of input slit width rection for smaller source sizes. Although both cases
D. show the increase in coherence for smaller object sizes,

however, the increase in coherence is higher in the 0

direction compared with the a direction, as shown in' ° \Figs. 7 and 11I. With reference to the plots of Figs. 8 and

12, both cases show significant improvement in the
osO \degree of coherence with the insertion of a sampling

grating. However the improvement in coherence in the
0o.0m t3 direction is somewhat higher than in the a direction,

.06,3B4,,- o.oa due primarily to overlapping of the smeared rainbow
Q-,a mm Fourier spectra.

o.04 / To summarize these observations, we stress that the
,*/ ,,x/ .

A.
\  grating-based white-light optical signal processor does

,02 '.\ / I iimprove the degree of coherence in the Fourier plane.
2 I Although the higher degree of coherence is obtainable

in both spatial frequency directions, the coherence
0 0 .2'improvement in the 0 direction is generally higher.

02 1 4 2 6 28 3 so d(m) Thus, the white-light optical signal processing tech-
0 3 2 3nique is generally more effective in the 0 direction than
F 82 P'03 8 , 30 iretioosa /., in the a direction. We note that this effect can be seen

Fig.8. Plotsofdegree ofcoherencealongthedirectionasafunc- in a recent paper on linear motion color image de-
tion of mean slit separation d for two values of sampling grating fre- blurring."

quencv P0.

, >V. Conclusion
We have devised a dual-beam interference technique

08 0 --6, to measure the degree of coherence in the Fourier plane
P- 1 36 1,~ of a grating-based white-light optical signal processor.

06 f.3-,mm The effect of coherence variation due to source size,
06 ,.-541Z input object size, and the spatial frequency of the

- b "sampling gral ing is ph)tled a a function of distance in
o.o4i the 8 and o directions of the Fourier plane. We have04"

0-1, onnshown that the degree of coherence increases as the
spatial frequency of the sampling grating increases.

02- Although the improvement in degree of coherence in the
, " Fourier plane is quite evident, the improvement in the

3 direction (i.e.. the direction perpendicular to the light

072 44 2 Is 288 38 himm dispersion) is somewhat more effective than in the a
__ _ ___,_,_._direction. The results indicate that this white-light

;10 0 , 4 , ,o 92 ,0 36 ,3 a* 10 optical signal processing technique is somewhat more
Fig. 9. Plots of degree of coherence along the o direction as a func- effective in the 3 direction than in the a direction.
tion of slit separation h for \arious values of source size c f, - h Nevertheless the existence of the high degree of coher-

(kof). the corresponding slit separation in spatial frequency ence in the Fourier plane allows us to process the in-

338 APPLIED OPTICS / VoL 23. No 2 15 January 1984
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Fi. 0 Smpe o figeviiiltypttrn.Th ppr otin f(a-()shwsfine iibltypatrn: h lwe orio hos0h cr
repnigi0 est8rfle.()ad(b eeotinda ons n nth0is oe fFg .(c0a4b-ne tpitc ntescn

ofa
400 -02,~ 6-6/m.

t U
S04-

04-' D*I.2 . 0

* *02

0 0 072 1'44 2 16 2 86 360 h(M-s)
0 072 144 2 16 286e 360 hI~w^) _____________________

0 3 46 6 92 '036 (3 e' 13 fe
c 346 692 1036 3964 17 30 fa 0.0/*'5  Fig. 12. Plots of degree of coherence along the o direction as a

Fig. 11. Plots of degree of coherence along the a direction as a function of slit separation h for two values of sampling grating fre-
function of slit separation h for various %-alues of object size 1). quency po.
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I~~~~froml i-, in (miluhx amphIt ilh. e r, .r thao ii iolvo-

sity. And the white-light pro(essing technique is very
suit lhh for color signal processing.

We acknowledge (lie , Utport of the U.S. Air Force
Office of Scientific Research grant AFOSR-81-0148.
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RESTORATION OF OUT-OF-FOCUSED COLOR PHOTOGRAPHIC IMAGES

X.J. LU and F.T.S. YU
Electrical Engineering Department, The Pennsylvania State University.
University Park. PA 16802. USA

Received 14 March 1983

A method of deconvoluting the defocused color photographic images utilizing a white-light processing is described. In
the white-light processing, a diffraction grating is used to provide three primary color light sources for the color image
restoration. Three complex inverse filters, for each primary color, arc used in the Fourier transform plane. Experimental
demonstrations of the color image restoration of defocused photographic images are given.

1. Introduction 2. Defocused color image restoration JW

Restoration of blurred photographic images has With reference to the optical processor of fig. 1.
long been an interesting application in optical signal there are three primary color point sources derived
processing [1-81. We have in previous papers [9-12] from a white-light source. The intensity distribution
presented a white-light processing technique for lin- of these three primary color point sources can be
early smeared image deblurring. We have shown that represented by the following equation
the white-light image deblurring technique is capable , ) = K r( +p2)ll2/d]

4of suppressing the coherent artifact noise and is suit-

able for color image deblurring. However the results + KR cir[((a + XR/p0) 2 + 02)1/2IR]
that we had obtained were primarily restricted to + KR to [((a+ motion.

blurred due to linear motion. +K il( k p) )//G
In this paper, we shall extend the white-light image + K 0 cir[((a - fr0)2 + i 2)112 /dG ] , (I)

restoration technique to two-dimensional image de. where cir[X] - I, IX < I, and 0 otherwise; (a. 0) is
blurring. We shall utilize a white-light.source for the the spatial coordinate systemn of plane P02, P0 is the
restoration of the out-of-focused color photograph spatial frequency of the diffraction grating. T(x),f
images. The proposed color inmage restoration tech- is the focal length of thle achromatic transform lens

nique includes three primary color sensitive inverse K B , KR, K, are the proportional constants. dtB. dR,
filters, as shown in fig. I. In this figure, a high diffrac- dG are diameters of the pinholes, and XB I XR, >
tion efficient grating is used at plane P0 1 to produce are the center wavelengths of the blue. red. green spec-
three orders of smeared color spectra at the back tral bands of the light sources, respectively. For red
focal plane 102. Three pinholes (one with a blue filter) and green point sources, the center wavelength of
are properly placed over this set of spectral lights, to each spectral band would be
produce three primary color point sources (i.e., spat- a/fp(

ially small) at plane P0 2. In the Fourier transform
plane P2 , three color sensitive inverse filters are used which is determined by the position of the pinhole
for the restoration, and the deblurred color iiages at a axis. The corresponding spectral bandwidth AX

can be seen at the output plane of the optical proces- of the point sources can be written as
Sor.

278 0 030-4018/83/0000-0000,'S 03.00 © 19S3 North-Holland
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Table I pliluide spectrum of a circular aperltire of a given diam-
Relationhiip of size. spectral bandwidth and spatial coherence eter using a lie-Nc laser. Since the scale of tile spec-
length of three color sources. trunt is proportional to the wavelength, tile diameter

X (A) d (Mm) AX (A) K R (mam) of the circular aperture should be properly fitted
with the color wavelength. In other words, the diam-

6300 400 290 0.32 0.18 eter for the red amplitude filter should be smaller
red 1.22 0.67 than the green amplitude filter, and the diameter for

200 140 0.32 0.35 tile green filter should be snaller than the blue. For
1.22 1.35 ex;ti Ie, if the diameter of' the cilcilial : lle(tile fir

5500 400 290 0.32 0.15 red light is taken equal to 0.5 nm. then the diameter
pren 17 1 1.22 (1.59 of the aperture for the green should he 0.58 nmii. and

1.22 1.3ht the diliu el Iotl tie bhl light shnhol lie 0.74 tu11111 ,
_ 300 00 00 032 I.12amplitude filter synthesis, it is necessary to control

As 430 40 500 0.2 .1
ble122 04 tie gamma of the recording plate equal to I to obtain

S140 Soo 0.32 0.34 tile required amplitude transmittance.

1.22 1.31 In phase filter synthesis, we see that, the filter is

c 5 uhiprimarily composed of a set of 7T-phase circular con-
Note: Axh = 500 A for blue wavelength X - 4300 A is limited centric rings, as shown in fig. 2. The diameters of thebyKdk4BFle.rings are determined by the primary color wavelength t

~and tile size of the defocused point spread function.

sources. in table 1. If the pinholes for red and green A simple technique of producing the phase filter is
sources are of tile same diameter, e.g., d R 

= d G 
= 400 a bleaching method 1 14]. A black-and-white ring pat-,,

mm. tile spectral bandwidths would be AX = 290 A. tern, corresponding to the it-phase zone of the phase
On the other hand, if the three pinhole diameters are filter, is recorded on a high-contrast film. The recorded
different, e.g..dR = 200 Mm. dG = 170 pim, and dB =  binary ring pattern is used as a mask to reproduce a
140 im, coherence lengths obtained would be similar, number of gray-level rings on a low-contrast photo-
i.e., 1.35 min (red), 1.38 mm (green), and 1.31 mn graphic plate. If the recorded plate is bleached, a set
(blue). of deblurring phase filters can bc obtained. To search

In filter synthesis, we note that the inverse filter for a ir-phase filter for a given wavelength, one can
function for tile restoration of out-of-focus image,
for each primary color wavelength, should be

nrap I r' ' . - ' phose deloy

-(,ap) m M

I1. otherwise , V;-,f// ' -"'

where a is the diameter of the defocused point spread 7
function, p= (I/Nfl(& + 02 )l/2. and ntis a constant /. ,

of tile order of 10 to 102. The meaning of m is that .

the finite filter in dynamic range can be made in phys-
ical sense because J1 (lrcp) has an infinite number of
zeros [I ]. Needless to say that eq. (7) can also be
written as c

wh'ere (I'~.c
PP X) =. IP .X , - (. , .500

Thus an inverse filter can be synthesized by tile com- 3OA

hina tion of an aniphitude and a phase filter. The am- 0 - C 5 ' - ..

plitude filter can be synthesized by recording an am- i. 2. A ,-phase conccntrlc ronv IoT a deblurring phac filictr

OL .

W, l#' ',d, ¢ w, #, ',.¢ ', ,,#' w,-., -%- , V. -, . . ... .- - - . *
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utilize the conlrast-reverse method or by observing and three pinholes of 200 pil, 170 in, and 150
the intensily ratio of Ihe maiii peak and thie secod in. for the red. green. and blue spectral hands are
peak of a processed point spread function. used at plane l1(12. Ihe center wavelength flor tihe

In this manner, a set of deblurring filters suitable red spectral band is 6300 A, 5500 A for the green,
fot the three primary color wavelengths can be oh- and 4300 A for the blue. Since we utilite the zero-
tained. The primary color inverse filter functions can order spectra for the blue color source, a Kodak 47B
be described as blue color filter is used to cover the pinhole. The

f = ap, I spectral bandwidths of these primary color sources
A , = R,G, B (8) arc: 140 A for the red. 1 20 A for the green, and

500 A for the blue. Needless to say that the intensi-
whtere ties twl Ihcse Ilhrce pi,, ,,y cili, S,ices car he ad.

iusled by a1 set of" nl t, al deiIsitv fillers for colorl',:a.Ii,,7 1 + % t. pt } 2 2 1lt1 ,t , tIan

0, ) +2/ fFor the first experimental demonstration, we used0I/forXX( a circular aperture of about 0.5 mm in diameter as

2 + 2)1/2 for X a defocussed point spread function, as shown in fig.( /XB/Ma B 3a. Fig. 3b shows the restored image of fig. 3a ob-
The three inverse filters are placed in the Fourier plane tained with this polychromatic restoration technique.
P2 of the processor. their positions should be adjusted From this figure, we see that, the deblurred point
properly, such that a = -XRfPO, 13 = 0 for red sensitive spread function mainly consists of a high intensity
inverse fdter, a = G fpo , P = 0 for green, and a = 0, center peak, as the deblurred image. and a weak cir-
30 for blue. cular ring image, which is primarily due to the finite

extent of the deblurring filters. In our experiment the
deblurring filters are limited to about four lopes, and

3. Experimental results the greatest density of the amplitude filter is about
2 to 2.5 D.

In our experiment, a 75 W xenon arc lamp with a From the result of fig. 3b. we also see that there
500 m m pinhole is used as the white.light source I. is a slight color dispersion at two edges of the center
A phase grating of 40 k[mm is placed at plane P01 , restored peak image. We note that, the dispersion is

Fig. 3. Restoration of a defocused point spread function. a) A transparent circular disk as a defocused point spread function.
b) A black-and-white picture of the dcblurred point spread-function.

281I
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are about 0.5 mm in diameter. If the color transparen-
cy of fig. 5a is inserted at ihc initput plane( of Ihc pio-

posed deblurring processor of fig. 1, the restored color
point images can be obtained, as shown in fig. 5b.
From this figure we see that the color of the restored
images are very faithful. However there is a slight re-
placemcent of tle dehlitrred color point iniage, which

Fig. 4. A clcctronic %Lanncd imagc of fig. 3b. is primarily due to the chromatic aberration of the
tranisforml lenses.

- primarily due to the chromalic aberratioti of the As ia ital expel iiteallt iestllt. fig. 6a shows Iwo
transform lenses, which can be eliminated by usinig blurred color words (i.e., "'Colo Imagc") as an impI

higher quality achromatic transform lenses. Fig. 4 blurred image. The corresponling deblutied color
shows an electronic scanned image of the result of image obtained with this deblurring technique is shown

fig. 3b. From this figure, we see that the intensity of in fig. 6b. From this deblurred color image, again we
the center peak is much higher than that of the first- see that the color reproduction is rather faithful and

order ring. the quality of the deblurred image is quite impressive.
We now provide a second experimental demonstra- Since the color image deblurring is obtained with three

tion for three overlapping primary color disks, as

shown in fig. 5a. The size of these primary color disks

7

S[

Srig. 5. Rcstonrtion of tlfrcc dcfocuncd color point sprc-d lunc-

tion%. a) A black-.ind-w hite photograph of thrce ovcrlappinp Fig. 6. Color iimic rc, tnnation of dcluwci.cd cnl lr k ortl

primary color disks is the color dclocuscd point spread lonc- "Color itage. a) A black-;ind-uhitc photogrpiph ot iic dc-

tions. b) A black-and-%%hitc photograph of the corresponding focused color word,. b) A Nack-and-white photograph of the

deblurred point spread functions, corresponding deblurrcd color image.
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el lively lemp,:,lly ),ioad aid spatially large priia- In view of the experimental results, we see that the

ry color light sources, the finger print like structure resolved color images offer a reasonably good deblurred

coherent artifact noise is eliminated, as can be seen image quality and the colors are faithfully reproduced.
from figs. 3b, 5b, and 6b. Since the primary color light sources are spectrally and

spatially broad, the coherent artifact noise is substan-
tially suppressed. Although there is some degree of

4. Summary chromatic aberration, it can be alleviated by utilizing
higher quality achromatic transform lenses.

We have shown that the color inii ge restoration for
out-of-focused photographic images can be obtained We acknowledge the support of the U.S. Air Force
by a white-light proce.sing technique. This technique Office of Scientific Research Grant AFOSR-81-0148.
uses a diffraction grating to generate three diffraction
orders, so that three relatively spectrally broad and
spatially large primary color sources can be derived References
from these diffractions. Since the temporal and spat-
ial coherence requirements for the image deblurring [11 J. Tsujiuchi, Correction of optical image by compensa-
are determined by the spectral bandwidth and the tion of aberration and spatial frequency fdtering, in:
spatial size of the primary color sources, the three Progress in Optics, Vol. 11, ed. E. Wolf (North-Holland

Publishing Company. Amsterdam, 1963) p. 133.
primary color partially coherent sources can be ob- 121 G.W. Stroke and R.G. Zech, Phys. Lett. A25 (1967) 89.
tained by this proposed technique. The advantage of 131 J. Tsujiuchi, T. Honda and T. Fukaya, Optics Comm. 1
the technique is that one can adjust the degree of the (1970) 379.
temporai ant spatial coherence of each primary color 141 J.L. Homer. J. Opt. Soc. Am. 59 (1969) 553.

rby simply changing its diameter. By utilizing [51 J.L. Horner, Appl. Optics 9 (1970) 167.
source 161 X.J. Lu, Optics and Fine Mechanics 10 (1977) 302,
these primary color sources, an out-of-focused blurred (chinese journal).
color photographic image can he restored by a set of 171 R.M. Vasu and G.L. Rogers. Appl. Optics 19 (1980) 469.
color sensitive inverse filters. And good deblurred color 181 G.G. Yang and E.N. Lcith, Optics Comm. 36 (1981) 101.
images have been obtained with pinhole sizes as large 191 F.T.S. Yu, Appl. Optics 17 (1978) 3571.
as 400 gm. To alleviate the low diffraction efficiency 110] S.L. Zhuang, T.H. Chao and F.T.S. Yu, Optics Lett. 6(1981) 102.
of tile holographic inverse filters, the filter synthesis 111 F.T.S. Yu, S.L. Zhuang and T.H. Chao, J. Optics (Paris)
are obtained by the combination of non-absorptive 13 (1982) 57.
phase filters and absorptive amplitude filters. The phase 1121 T.H. Chao, S.L. Zhuang, S.Z. Mao and F.T.S. Yu. Appl.
filters are obtained with a bleaching technique. while Optics, to be published.

a ldfl 131 M. Born and E. Wolf. Principles of optics, 2nd rev. ed." the am plitude filters are obtained by intensity expo-Yok 19 4 l p e 10
(lcrgamo Prcs. New York. 19641 chpter It).

sure. 1141 S.L. Zhuang and F.T.S. Yu, Appl. Optics 21 (1982)
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SOLAR OPTICAL PROCESSING

F.T.S. YU and XX. CHIEN
Electrical Engineering Department, The Pennsylvania State University,
Univernity Park, PA 16802, USA

Received 27 March 1984

0- % 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 spacebome optical processing application. In addition to the simplicity, versatility, poly-

, " chromaticity, and noise immunity of the white-light processing system, the solar processor is ver.,' 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[iM{Tr(X,y)] [ I + sgn(cos p )]

Since the discovery of laser in the earlier 60's, the + Tb(x,y)[ l + sgn(cos PbX)l
laser has become an indispensable light source for
most of the optical signal processings [ 1 -4]. Aside + Tg(xy)[l + sgn(cospgx)]}], (I)
from the disadvantage of inherent artifact noise, the where M is an arbitrary constant, Tr, Tb, and T; 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, Pb an d Pg are the respective carrier

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

tical signal processing technique, which can be easily

% carried out with a broad band white-light source [5]. tem of the encoded fil, and
The major advantages of the white-light processing, as sgn(cosx) - , cos x ;; 0,
in contrast with the coherent counterpart, are the -1, Cos X < 0
simplicity, versatility, polychromaticity, cost effi- If we place the encoded film ofeq. (I) at the input

cInc and artifac nois immunity.f q.(1 theinuciency and artifact noise immunity e plane of a solar optical processor of fig. I. then the
We will, however, in this paper experimentally first-order complex wave field at the Fourier plane,

demonstrate that several elementary optical image
processings can be carried out by solar or sun-light
ilumnination. Since the solar light contains all the -I~*>

visible wavelength, the experimental results that we S )P
will show would be in colour imagcs. L

V 2. Color image retrival
• + ct ' p, g• a±+;pgo)

Let us briefly describe a color image retrieval

utilizing the solar light. Let us assume that a spa-
tially encoded transmittance of a color object trans- + O ) ,a_-p

+ jo Z.Pb, Ts 2, pg
parency be [6 1 '

0 030-4018'84'S03.00 ' Else. ier Science Publishers B V. 377

(North-Holland Physics Publishing Division)
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,\ , Fig. I. A solar optical processor.
N Sun -,S

.4,

Y L

w..,,here TTb and aethe Fourier transforms of ,

Tr. Tb and T, respectively, * denotes the convolu- f
tion operation, and the proportional constants have
been neglected for simplicity. We note that the last
cross product term of eq. (2) would introduce a f P,
moire fringe pattern, which can be easily masked out
at the Fourier plane. Thus by proper color filtering
the smeared Fourier spectra as illustrated in fig. l, a"" 't(x,y) exp [iM{Tl (X,y)[l + sgn(cosply')] "
true color image can be retrieved at the output image

"'*,ou dplane P3 . The corresponding output image irradiance + T 2(.,y) i + sgn(cosp 2x)1
would be

I(x,v) = Tr(xY)+ T(x,y) + T(x,y), (3) + T 3 (x,y)[l + sgn(cos p 3x)]], (4)

which is a superposition of three primary encoded where M is an arbitrary constant, T i. T2 . and T 3 are
color images. Thus we see that a moire free color the positive, the negative, and the negative and posi-
image can be retrieved from a natural solar light. tive product image exposures,p I .P2, and P3 are the

For experimental demonstration, 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 pI of the solar light
color image, we see that the reproduced color image processor of fig. I , 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 the image contains virtually no co- density color coded image can be obtained at the
herent artifact noise. output plane, sucl. as

I(x,y') = T',(x,y) + T 2b(x,y) + T g(x,v)

3. Pseudocoior encoding where T2 r. T2 b. and T2 are the red, blue, and green

color intensity distrihutions of the three spatinlly cn. p
Most of the optical Images obtained In various coded Images. Tius 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.%' i uhtispectral band aerial photographic images. X-ray image of a woman's pelvis, obtained with the solar"

transparencies, infar-red scanning images, etc. How- processor of fig. I. 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 encodedprovide a greater ability in visual discrimination. in green. By comparing the pseudocolor coded tmage

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.

j NI
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Fig. 2. A retrieved color image. Fig. 3. A density pseudocolor encoded X-fay image.

Fig. 4. Samples of false-color Landsat images. (a) Band 4 is encoded in green while band 5 is encoded in red. (b) Band 4 is encoded
in gren, band 5 is encoded red. and band 7 is encoded blue.
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4. As apply to inuilispectraI Landsit images agricultural lands arc light red, oranige, and yellow.

Salt-Ctiltr ciic(Kled Linidsa I iiiiages would al low ciicoded gieti, hanid 5' is cncoded red, and b and 7 is
Uts for thec disci iininai ion of various cartli surface fca- clicode'l littce the Susquchanna River appears as
tures. For example, forests agricultural lands, water, violet, aiid the other bodies of water as shades of blue.
tirhan areas. and strip mines can hc shown on the T1IC sur- ce mines and u Than areas arc dark red. The
color coded images if cacti of the tlinatic image agricultu~ral vallcys are orange and the forested re-
were display ed in a different color. With reference to gions are gceen. 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

N' 2 5. Conclusion

r~x~ I 2k xy[ sncs~) We have demonstrated that a white-light optical
A'!? processor can also utilize natural solar tight for image
n+ 2k ,,(,t) sncs~)) = 1, 2, processing. One of the obvious advantages of the

n=k(5) solar light optical processing is that the system does
where Tn are the multispectral band image irradiances. not require to carry its own light source. Thius the
We note that the use of thle orthogonal samplings proposed solar optical processor is very suitable for
(i.e.. spatial encoding directions) is to avoid the moire' spaceborne or satellite optical processing applications.
fringes of the output image. Needless to say that if One can image that if an orbitutS sjpacebome satellite
the encoded filmn 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

.41 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

;.4 would continue to function for a great number of
Ii~v 2 (X I..x~ X) (6 years, possibli. beyond the present civilization. Al-

n-l n 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 usef ul applica-
color. Titus 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.

7light processing. We wish to acknowlcdge the suppo'rt oi 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-
0.6 tam), red (band 5: 0.6--0.7 mim), and reflected in- References
frared (band 7: 0.8 -1 .1 um) spectral regimes. The IlL toa etC]PtroadL ocle
scene is a 78 X 107 kmi subsample of Landsat scene IRV Trn Informi Tlieor% tT.-. f9601 386
showing a section of Susquchanna River Valley in 121 A %;jnulcr .iist. lIlt Trtgnl Wnorm Theor), IT-t10
S''iliatisem lciii%vlv;ooi:I. 17i1g. 4 sljtvw the iesuilts ofr 1'44 1 3';

the false-color coded Landsat data obtained with the 131 A 'afder Lugz, I1 Ll ProcdingI62 (19"41 1300,
*solar optical processor of fig. 1. In Fig. 4(1) where 141 1TJS N u. Optical inforrmaiort procL-stil;(,I~

band4 i enodedgren ad bad 5is ncodd rdlnitrscicncc. Nc% N~ ork, 1983)
band4 i enode gren nd and5 i enode re,51 r T S Ni u. Optics Comm 2' (1 918) 23

the Susquehanna River and small bodies of water are 161 1 T S Niu. X X Chcn and S L. Zhuang. Appl Optics. to
.do'.delineated as deep red. The islands in the Susqluehanna be published

River are easily distinguished. Strip mines are dark V~ T S Ns u. X X Chn and T KI Chao, .1 Optics, to he
red, urban areas (Harrisburg) are medium red, and published.
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Application of a magnetooptic spatial light modulator to
white-light optical processing

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

The application of a programmable magnetooptic spatial light modulator to white-light optical signal pro-
ceasing 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 procesaings. Experimental demonstrations of some of the
elementary spatial filter synthesm and pseudocolor 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.1' 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 4 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 lttern enn be written on the device with a green light, their Fouricr spectra 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-.
c 1984 Optical Society of America. herent grating structure of the device, a is the pixel size,
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Fig. l. Elementary patterns of the device and the corresponding smeared Fourier spectra.

I ~X is the wavelength of illumination, and [is the focal
length of the transform lens. The corresponding growi,
smeared Fourier spectra distributions are also shown
in the right-hand column of the same figure. q Y .

Let us now discuss the effect of the device under the
polarized white-light illumination. We assume that an G

object pattern, used either as a spatial filter or as an
kinput object, is generated by the device with a pro-G

grammable computer. If the device is illuminated by fr -G a

a polarized white-light, one would see the color of the ' Y Y
object pattern changes as the direction of the polariza- 9- G

tion changes. Since the device responds to a broad
spectral bandwidth of light from red to green, a wide ,'
variety of color object patterns can be generated in yelie
which the color characterization of the device is shown G"ee:
in Fig. 2. In this figure the outer region represenLs the . Rd-,

magnetized pixels (i.e., object pattern), and the inner Io,
region represents the unmagnetized pixels (i.e., back- Fig. 2. Color transmittant 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 appears. 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 / Vol. 23, No. 22 APPLIED OPTICS 4101
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, d I hit I hc input .lignaI i. carried out hv in ('i X i array
my of mmenru'd ihil n fuanc ions whicl nre. i'nl. su III

.4 \ lse.,. in the Ott.ptilt piane lI'. We al% note that the intensity
of the nillil iirruv (if olllil MignsilM (our i-.ngem) i4

L. proportional to magnitude square of the sine factors in
Eq. (1), i.e.,

ii Lu /..(xY)aj sinc n sinc m 2  (2)

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

Fig. 3. White-light optical signal processing utilizing a program- the zero order (i.e., m = n = 0) as the signal and the rest

mable spatial filter: I, white-light source; Jia,4), 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-v drive lines
pvery thin is very difficult to achieve in practice. Nev-pattern would take place for further turning of the po- etees ftems elofdvc smd mle n

ilarizer. Moreover, from Fig. 2 we see that the color ertheless, if the mesh cell of device I is made smaller and
aogh the focal length of transform lens f is made longer, thecharacterizations of the device are repeated for every ,rotation of the polarizer. Thus a wide range of color separation of the output signal with respect to the un-robtpatof ten caber gene aideratd fr oycr wanted noise (i.e., higher-order diffractions) can beobject patterns can be generated for polychromatic obandAsaumrclempegin!fi0.2mm ,

signal processing. obtained. As a numerical example: given I = 0.127 mm
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
be Xf/1 = 4.3 mm forX = 5500 A. If I = 0.02 mm. theWe shall now discuss the utilization of the Light-Mod mean separation of smeared signals would be -27.5 mm

as a programmable spatial filter for a white-light optical for the same focal length. Thus the input signal size
processing as shown in Fig. 3. We note that the device for be sae a l4 ram.

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
produces higher-order diffraction as shown in Fig. 1), 48-array magnetooptics light-mod is used to generatethe 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 thespatial frequency content of the pixel size of the device is -0.127 mm, and the size of the
arriving complex wave field. In other words, it depends light-mod is -1/4 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 programmahle computer. Now if we assume a
lens. high-pass filter as shown in Fig. 41a) is being generated

We shall now investigate the effect of the output in the Fourit: 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- magnetooptic device responds to a broad band of light.~ane i tensity restrondio to ah output plane cof beiwitte

tensity distribution at the output plane can be written waves (i.e., from red to green), it is. therefore, a simple
as5  matter of utilizing the device to generate a color coded

7-IJSia.8;X)H(a.6)] = s(x,y) • h(xy;X): high-pass spatial filter. In example, if the polarizer is
A set at an angle between 95.5 and 101* of Fig. 2. a high . -

S.(Zy) • " ( inc (X sinc (>,i - n T y  m !)Ii, tr-coded filter ul Fig. .() can he generated (i.e.,
" (low-pass region is in dark green, while high-pass region

I: si) n ,n ...I is in vellow). And it is apparent that a color-coded=(a-' T"sinc nl sine Im -Isi-nT,y -m
R^ I i I edge-enhanced image can be observed at the output

where 91- denotes the inverse Fourier transformation, plane.
*. represents the convolution operation, S(a,B;X) is the For experimental demonstration, Fig. 4(b) shows a
Fourier spectrum of the input signal s(xy).H(a,8) 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(xy;X) is the corresponding impulse response, color-coded edge-enhanced image obtained with the
6 is the Dirac delta function, and (x,y) and (a,3) are the programmable spatial filter with wh'e-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

' ~% *~%



122

In)
(a) (b) (C)

SFil. 7. l' eidocolhor encoding: (a) Input Object (b) object pattern
generated by the device; I) a black-and-white color-coded iange. In
color the bird is yellow, the square remion i in green, and the outer

region is reddish.

-- - - mostly coded in yellow, while the rest of the picture is
- "greenish color. Needless to say that, if the polarizer is

" . ,set at a different angle, a different shade of color-coded
edge-enhanced image can be obtained.

We shall now show a second experimental result ob-
(b) (C) tained with a directional or wedge filter6.v 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; (h) input and-white input object of two sinusoidal waves taken
4 object transparency; Ic) black-and-white color-coded edge-enhanced

image. In reality, the edges of the building are yellow-white, and the from a oscilloscope. Although these two sinusoidal
rest of the picture is greenish. waveforms are of the same frequency, however, the

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

-be exclusively extracted with a wedge filter. FiguresA5(c) and (d) show a set of the results obtained by the
wedge filter of Fig. 5(a), with two sequential settings of

,I the polarizer: Fig. 5(c) is obtained when the vertical
region of the wedge filter is coded in black, while the
horizontal region is coded in yellow. Figure 5(d) is

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

pseudocolor encoding technique with this device as

object of Fig. 7(a) is placed at the observation plane P.
,'" ' 5 [ a|wedge shown in Fig. 6. First, a binary black-and-white input

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

Fig. 5 Directionalfiltering: {a) black-and-white picture ofra wedge directions, while the intermediate region is not modu-
ilter: (b)einput signal; (c) extraction of the larger signal; (d I 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

Pow-o, C,.. spatially separated along the horizontal axis in Fourier
-_--._ , plane. In pseudocolor encoding. we allow the zero-

__ ,, -V_____ order (i.e., the intermediate region) And two firt-order
V (i.e., the bird and the outer region) Fourier .kpectra 14)

Le , pass through three preselected color filter, (e.g., red,

I 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-

o ,,, P,,,, ent shades of pseudocolor encoded images can also be
obtained with different sets of the color filters and dif-

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

pseudocolor encoding: 1, white-light source; L, transform lens. the theta modulation technique.
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V. Conclmo
lot remcngisti,n wf'Ie lise octorlworsslr' n ;loruitvininilfI
11111941N11H1911 i ligh iistltil941 istlI.r w~ith is whitt' higliht

optical mignal procem*or. We have shown that the device

retipcciled lt Imiltirit.441 %V11lIighl. III whiVIh ili clhI'ri IN,
adtvimiigt ofr ('Ii4r.'ixMi(l 5111iul filIlvr% .4ytil hiesis 1111
thce Vetie'roIiom tof lc$4-mslix-ciisfr oils~'c aucl.' lb.' gl .'g
can heC usedl 115 flf iisput prcigrammblflhe( objec't and~ cilsi
as a priwgramine squilinl filler for real-time opjl ical
.4ignal pr(scessig. E'ven though the resolution of this
device iq rnther limited. however, we have othown stome
the interesticig &p;pitaItioics with the white-light, illu-

L mination. Nevertheles, one of the important assets
of the device must be the programmability, which, in
principle, would offer a wide range of real-time pro-
cessing capabilities. If the resolution of the device is
further improved, the device would have significant
impact to the application of modern optical signal
processing.

We acknowledge the Litton Data Systems for support
of the Light-Mod investigation and t'he support of U.S.
Air Force Office of Scientific Research grant AFOSR-
83-0 140.
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Measurement of noise performance for a white-light
optical signal processor

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

A measurement 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 exp~erimental reh, 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 experimental 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.

it. 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.4.5 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

1 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  bution due to the n th narrow spectral hand spatial filter

We have shown that except for lie case when the in the Fourier plane can be determined by the following ..

amplitude noise is present at the input plane, the re- integral equation 4-6 :
suiting output SNIR improves considerably by in-

"lJ -- "z + a - Xt,.n'o0+ MH. ,ntd,
27r -".a + %,d ) Wt

The Authors Are with Penn yivanin Stte Univerit. Electrical exp - xf (

Engineering Department, University Park, Pennsylvania 16802. where y(xo,y) represents the intensity distribution of
Received 3 July 1984. the light source at Po, Xh,. and AM are the longest and

0003-6935/85/020173-0602.00/0. shortest limiting wavelengths of the nth spectral band

S1985 Optical Society of America. filter H, (o,3), S(xo + a - X,/z,,, 0 + 3) is the smeared
ielbe
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% MOTIONI PLOTTER matic transform lenses.

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 systemn, f is the focal length of the ach- resenting a broad spectral filter in the Fourier plane.

romatic Fourier transform lens, and vo 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
" T(., exp(i2Tvox). (2) source size can then be separately determined. We

We shall first investigate the noise performance of the shall adopt the definition of output signal-tn-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
is uniform over a square aperture at source plane P0 , SNR, 'El,(y')j/c(.'), (6)

which can be written as where In(y') is the output irradiance due to the nth
Y2 channel, E[.] denote-s the ensemble average, and an "

((xo,yo, "rect rect (3) is the variance of the output noise fluctuation, i.e..

w h e r e 0", Qy ') E l ") - l l ( ' P .(7 ) f

Evidently the output intensity fluctuation In (N") can

2 -be traced out by a linearly scanned photometer. The
rect O,  adc component of the output traces is obviously the out

M 0.lxo1 > signal irradiance (i.e.. E/1]), 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
j 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 3 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 Lan. 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 experiments, a 75-W xenon arc lamp is used as
"of 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.

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

Ax' 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

V. quency of the sampling grating vo increases, demonstrate the noise performance due to perturbation
1io on

174 APPLIED bOPTICS / Vol. 24, NO. 2 1 15 January 1985
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Fig. 2. Effect on )utput 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) AX,, = 1500 A; (b) I,, = 1000 A; (c) AX,, 500 A.

at the input plane. For the amplitude noise at the input I
plane, the experiments have shown that there is no 0"'"
apparent improvement in noise performance under .
partially coherent illumination. The result is quite
conclusive with the previous prediction. 34 However/ 0-0 r-.

for the phase noise at the input plane, the noise per- oi 0.rno, 'formance of the system is largely improved with a par-
tiallv coherent illumination. We shall first utilize a.
weak phase model (obtained by laser speckle and a
photographic bleaching process described earlier) as the • /
input noise. Now we consider the situation of an input e /

object transparency superimposing with the phase noise 2

at the input plane. The effect of the noise performance
of the optical system can then be obtained by varying _ _ _ _-._

the source size and the spectral bandwidth of the slit 500 ,000 B5OO 1000 o .filter, as described in Fig. I. 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 functioncorresponding photometer traces to illustrate the effect of spectral bandwidth of the shit filter for various values of source"."
due to spectral bandwidth of the slit filter. From these siZes. .. '.4
pictures we see that the noise performance (i.e., SNR).improves as the spectral bandwidth (i.e., temporal co- f

herencet 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 monotonicallv as the spectral bandwidth (iAe. ,moa co -
heee of the slit filter increases and it linearly increases
a the sourcie menlarges. Thus the noise performance . .'•oo.

for a partially coherent optical system improves as the
degree of coherence (i.e., temporal and spatial coher-
encei relaxes. In other words, to improve the output -_,.
SNIZ of the white-light (i.e., partially coherent) pro- L
cessor. one can either relax the spatial coherence (i.e., ,
the source sizel or the temporal coherence (i.e.. the
spectral bandwidth of the filter) or both in the optical "
processing system. We stress that the experimental
results are quite compatible with the results obtained -

% in our recent analysis.".'
Let us now demonstrate the effect of the noise per- _ _,_-_ _.

lrmance due to strong phase noise. In the experi- -
ments, a conventional shower giass is used as the input , 4 pa n- :,rna-e nise a: .-. , tu' plan as ah;un
phase noise. Figure 5 shows a set of results we obtained (f source size fr \anous aues c: c. ectra. hanc%:cts'. -
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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 alsoj severely corrupted by coherent artifact noise.
We shall now demonstrate the noise performance of

a white-light optical processing system due to noise at
o . mM the Fourier plane. With reference to the same mea-
a 0 0 7m surement technique as proposed in Fig. 1. the effects of
0-0 o mM amplitude noise at the Fourier plane are plotted in Fig.

6. In contrast with the amplitude noise at the input*1" 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
[I plane. the noise performance of a white-light optical

So0 oo ,Soo ainl, 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 SNR is a

thidr vnriouim mptct ril hridlwidti illmninl timm. Iig- IiiiioLimic iicrc miiig 'inctiouIl (if mpltriil hri lawidtl
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".
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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at the l"ourier plane i cn. in principle. Ie tliittvelini-
n - -In- Iit I I - I ,It, If -I vierv m I I I * i jiiirl i i I I iiiiit 114.1, 1. 1,,( 11 . I v4lI• - n,,ww. ch amw Ii.s un'orrelaIt,.d. \4', Ihave alI, ,n tet Ithi It

. 0. _ f io m IlI o utl ptUl 'Ni is s mewhat lower fir higher sppit III
- t l ' i, wrvid illum hnmilimn ILI'...smilhi-r .mourt'lv Size), IIl

0 .0 mm oii her wo Irds, thle uiol tit SN I? cn ilso be improvetd with

T'[he noise performance. due to amplitude noise along
,the Z axsof thie proposed optical processor, plotted
S/"in Fig. 9. From this figure we see that the output SNR

improvv os the noise pertlirtti,,n movecd awnwv from
500 ...0 1500.... 200 25 a X the input and output planes and where the optimum

SNR occurs at the Fourier plane. Again, we see that theFig. 7. Output SNR fo)r phase noise at (he Fuurter plane asa function output SNR is somewhat higher for larger source sizes
of source 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
noise is placed at the input or at the output plane.

.0,i

, . IV. Summary and Conclusion
We have devised a technique for measuring the noise ,p

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

oo,mm // photometer method to obtain the output intensity
....__- , traces of a partially coherent system operating in noisyAi conditions. The effects of output SNR due to the am- .-

S0o 5Mn , plitude and the phase noise at the input and Fourier
A X 5.,1o; I, planes were quantitatively studied. The experimental

iU . . . . Z results show that there has been no improvement in 1%noise performance due to amplitude noise at the inputFig. 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

o. ,Iam he eliminated, if it is under very broadband illumina-
tion.

* I 0.-- ,m" I .As for the performance due to noise at the Fourier
2, plane, the experimental results show that the output

. SNR improves for both the amplitude and phase noise
" - o.oemm -- ,, 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

-j 0 .,oo coherent (i.e.. temporal and spatial coherence) illumi-
natioun.

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

P . .,cessing system. The experimental results show that
F,..9. Vnrintion ofthe o ipi .1 SNR durI(t thin aImplitide noisenq optimum noise immunily occirs for phase nmk it the

It Itunctiom III t h liretiil flr virluu Wiurie sizem. input antd iutIut I)latieV. an] (iI)tinium utpUt . SN"

occurs for amplitude noise at the Fourier plane. The
%)of te dtiel stoe ie iste variation results also indicate that a higher output SNR can infact be obtained for more relaxed temporal and spatialof output SNR due to phase noise inserted in various coherence constraints. '.
planes of the optical system. From this figure we see In cncluding this paper we stress that theexperi- .
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 recentlv evaluated.4 .S

temporal and spatial partially coherent illumination.
The noise performance is somewhat less effective for the We ackn,,wledte the upport of the U.S. Air Force
phase noise at the Fourier plane, even under partially Office of Scientific Research grant AFOSR-83-1,40.
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This paper describes a technique for generating broad spectral band Fourier holograms %kith an encoded white light
source. Since this technique utiliies primary whitc-light construction and reconstruction process, it is quite suitable for
color I ourier hologram image reconstruction. Expcrinicntal results are also given.

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

-orThe 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, this 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-
herent light. ,r,

Recently. CouJon and Bulabois 12 -4] 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 a
terference filter and a holographic transparency to broad spectral band Fourier hologram with a white-
achieve a high degree of coherence illumination for light processing technique 161, as schematized in fig. I.
the Fourier hologram construction and the hologram A high diffraction efficient phase grating is used to dis-
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-
bmited to monochrome hologram image reconstruc- um due to limited dynamic range, we shall spatially
tion. Ferriere et al. 15] 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
cnt source. They utilized dispersive prisms and a slit sources for various spectral colors can he obtaincd at
filter to achieve a high temporal coherence (i.e, nar- the source plane P0 .The intensity distribution of these
tow hand illumination) for Fourier hologram genera. encoded sources, for various Xn. would he
tin i, Altlmnigh positivc rcsults have becin repiied lit

their article. however the image quality is rather poor.
The major drawback of this technique must be due to n-1
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 IS03.30 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division) %
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1f Is l1letsll h 1111C ll~ lhat il Ilhe bload hand hoh>- 3. Experimental result
gram Iie(s. ,) is illuminated dr a team of encoded whiloh
lwghl Ce isIip ropoit I ol. ity) C nt as, We wthlist-o nrde w prtide a couple of xperimelth al re-

sclls olhted wil the uropoawudectnf whie-light m rier
holograhic process. In our cxperm cnts. a 75sr

encodin mas coXoe a Cc fproi circular pm-() X 6

n=-. N 'xe1-11 atc Il, lll i |ll Imol M1ile l ml ~ t<le i. t-ed :1%

a white-light source A sinuidal phase grating of about
XxL(I110 lines/ with 25% d(T s raction efficiency for the

where C is a complex proportionality constant. then the irst-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

g (X,y Y:) = J ffL(a, 0j; X) H(a, (3) encoding mask composes a set of periodic circular pin-

holes of about 40 lim and their spacing is about 2.5 ram.
X exp -i (21r/Xf)(oax + Oxa)] dct dO . (7) The separation between the reference aperture and the

* input target object 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 pim.

We shall now show a couple of Fourier hologram
g~x~y;X) imiages obtained withI this white-light processing tech-

A' nique. Fig. 3(a) shows a gray scale object. with a ref-

= r C 6(x,y; X) * s(x,y; X) *s (-x, ;) erence pinhole, used as an input transparency. A broad-
band Fourier hologram is generated as shown in the en-
larged photograph of fig. 3(b). Fig. 3(c) shows a pair

A' of twine holographic images obtained with this tech-
+ FD C2 6 (x, y; X) * [s(x + h, y; Xn) nique. As compared with the original object. the fea-

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

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

where C, and C 2 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
l(x, y) f J lg(x, y; X)12 dA, for n = 1,2 ... N, 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

~~ A l~n 2 J s , ~ )* ( , X l ( 0 first white-light colour Fourier hologram im age that is1 (x, y) - Xn  {K S(X, Y. X") * s(X,y Y n  ever recontu ed

+ K 4.Conclusion
+K 2 [Is(x + h,y; 2 + Is(x - h, '; X.)12 1

We have described a technique of generating a
where K, and K, 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..v) would be source sampling method to obtain a set of narrow-
diffracted around x = ±h at the output image plane of band partially coherent sources for the hologram
fig.2. construction process. Since the technique utilizes

386
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Fg. 3. Fourer hologram image reconstruction. (a) Input object with a reference pinhole. (b) A broad band Fourier hologram. (c)

Fourier hologram images.

.%

-Fig. 4. Color hologram ,mage. (a) Input object with refernce pinhole. (b) Color Fourier hologram images.
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White-light optical speech spectrogram generation

F. T. S. Yu, T. W. Un, 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,' 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

.IN 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.- 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 witi
white-light signal processing. To obtain a color-coded a white-light source.
speech spectrogram, a dispersive element such as a The conversion can he 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
0003-6935/85/060836-06502.00/0. should be added with the time signal to produce a
C 1985 Optical Society of America. density modulated signal. To ensure a linear'densitv
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l irt II I€ 114,11., 1t riaei-lt losel oI in lool itchi I lit- I* ii l i tt'\,
the CRT'I .scannier to, prod~uce the vertical %weep. Tro

mainta1in the tinifoirmnily o (f sweep inlernsily* , I he( mc~an

mutm fre(lUieticy conlent of the'inlIII/. ig~nal. Thus 1he- U N60

signil wtull li disl)ayed. o Le tlT I screeni as na oti-
.4 form intensity scan at each vertical sweep. Conse-

4ltiuel I v, it slotmllly recorded fIrluil, whose ninjllitlude
transmittance is linearly prolportioal to the intensity
(of dI'I' nl y, canh) lie prflhcii(d by ihiuging tht CIF'I,~~~display onto a moving photographic film. Figure l(a)FLMOvr
shows the schematic diagram of the conversion process. (a)

1rhe recorded format, as typified in Fig. 1(b), can then
be inserted into the input plane of the optical processor
for spectrogram generation.

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 > ,IR, (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 W Segment of recorded format.
of vIR. 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 pm "ME
lower frequency resolution of the spectrogram genera- .11. Y I
tion, thus corresponding to a wideband spectrogram %_ 84CY)
analysis.8 However, this drawback may be alleviated S,.
by utilizing a higher -resolution CRT scanner. Never-
theiess. in practice, a higher-resolution CRT tends to . w "L'
be more expensive. Moreover, the frequency resolution INPUT MASK /
of the optical processor is also limited by the source size V Le
as well as the point spread function of the imaging lens / /
and. of course, the width of the optical window in the i ,,
processor. Thus the speed of recording film should be x a V
restricted by the following inequality: P

U 5 Wi'j, (2) Fig. 2. White-light optical sound spectrograph. L, achromatic
where W is the width of the optical window of the pro- transform lens.
cessor and v, is the lowest frequency limit.

Ill. System Analysis apparent that, if a slanted narrow slit is properly utilized
Let us now discumss 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 he recorded tit the
achromatic Fourier I rimmform lenses. If the recorded oul~fl tplane, witd n mo.ving cidlor fiim. Ihe color.
format of a time-spatial signal, as described in Sec. II, 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,
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 pnote 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 narrowhand spectrograms. In
perpendicular to the recorded input format (i.e., di. other words, if a broader optical windoiw is utilized for
rection of the film motion), so that a set of nonover- the speitrogram 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 t Vol. 24. No. 6 / APPLIED OPTICS 837
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nalrrower, whichi corresponds~i~ toi ii w(idebandui~ analysis, it ofthle F'ourier p)lane1 P,
loss ol speraml ri'solttion ise*xiectecl. Hobwe'ver, loss Ih' properly sihst it tit iog Fitq. (I,) inito Fq. (7) andl it,-
oiI it-4wl rid(' t s l tiIII 1tin impo.'' (Il li mv 111 rU,4o(,l I vcg riItihg five f w 'i nd y.., viiniilhis, wt. havi..

of I 1wv speel rogrnin. TIhim liole lbimidwidli rela lli~ihi 1
tsquare white-light, source. T1he source irradiance mayI

lwritten all -r)x x

SWM rect rect .()1

''h I ' *illrect W, rect
where SWA is the spectral distribution of the light L LwI
source, b denotes the size of the square source, and .expH-I~xP1 - X22 )jdx IdX2 (8

rec(~... .x b. For simplicity of illustration, we assume that the
\h) 0. otherwise, input format is a single sinusoidal signal, i.e.,

W~ith reference to W~olf's partial coherence theory10 the =I+csp~)fralv 9

mutual coherence function at the input plane P1 of the
spectrum analyzer of Fig. 2 would be where po is the spatial frequency of the sinusoid. Since

the cosine function of Eq. (9) can be written into two
rIX 10 1;2 Jy2 ; X) - ff'Y(XO.YO;) exponential functions, we focuis our attention merely to

1 2w one of the diffraction order, that is,
exp -2 lXO(X I - X2)

I- x (X;)i(X 2) - exlp,x, - xx)l (10)

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

where the integration is over the source irradiance. By1
carrying out the integration, the mutual coherence ! +L2_q

function at plane P1 becomes r(Pl,q1;P2,q2x1) =SIX) rect 2 2 MOWqI- q2)

= K(X sic b(X IX 2)1rIx IYI2,2X -jiMsirb(x, X2)16

7 rb(y - Y2) .fsicj , jelinx-x)
I f Irect (f-'- rect (L2) expl-i(x 1p, - X2P2)ldx dX2. f

where W

* ~ ~~~sind(r) A____ (
7r)CSince the interest is centered at the output irradiance,*

and K is an appropriate constant. by letting p1I = P2 = p and q I = Q2= 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- f-qn1
ence function behind the input plane would be J(p~q;N) - S(A) rect I lfQ (J1p). (12)

l X,1lX,2; ' (X 1,Y1,X2,Y2:X\) expiqn(vi - Y2)Ahr

t(Xi~t*X 2) rect Ll rect 14 (6) l(p) .rsrlc 17r b UI - x 2)] ept(( -)

where the exponential factor represents the phase Iepinxi-x)
trnnsform of the I-D) phase grating, (1( iq the angular - re e x .;I-l lPEX (t
spatial frequency of' the grating, t (x) is the amplitude ('A') (WI
transmittance function of the recorded format, and "' To investigate the variat ion of t he outlput irradiance
is the width of the input optical window as shown in the det h it fteiptotclwnoFg
figure. Thus it is apparent that the mutual coherence det h it f h nu pia idw i.:
function arriving at the Fourier plane P2 would be shows a plot of the normalized intensity variation of Eq.

(13) for two values of1 W. From this figure we see that
r(p,,;P2,q2;X) . ff f f '(Xi ,Y ;X2 ,Y2X) a narrower spread of output irradiance corresponds to

e xp -zXI P I + Yi~ I- P - Y21?2)l a broader optical window II' at the input plane. Thus
dx d ,dxdv2.a narrowband spectrogramn can he generated in this
dxldydX~d 2-manner. On the contrary, if a narrower optical windlow

where the proportional constant is ignored for conve- is utilized, a broader spread of the output irradiaince is 0

838 APPLIED OPTICS I Vol. 24, No. 6 /15 March 1985 1
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'I" ,iri(r slectrm o (lie piuse grating would lie diI- "
, o fracted at
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I on f Z 150o" whwre is I II, h ii h '.ili , 1 I' 1 h croionit iv rani&l rm"
Wm 06 '450" leso~,ns. Since Eq. 0G6) is linearly proportional to the *

wniveleng~h of thp light smirre, n rninhow c,,dor of
= __ .4~mtenredI siplec ra call| het observed idhng the/ J1 xi.. in Ithe€4 Fourier planeP. Forsimplicity we assume that input

"format is a single sinusoid of spatial frequency po; then, .2 the Fourier spectra poinius are located at i

A/J
0.0 = 2 -Po. (171

100 zoo sco 400 oso Soo00 Boo too ow

REOULNCY (Hz) For convenience, we use the positive value of Eq. (17)
distribution as a function of input in our discussion. By taking the ratio of Eqs. (16) andFig. 3. Normalized output spectral (17),utonas wencihaveipu

frequency for two sizes of optical windows. (17), we have

expected. Thus a wideband spectrogram may be gen- Q0

,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. Thuswe 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 qo >> P0, we-further see that the
vanishingly small (i.e., b - 0), then spectrum of the input signal would disperse into a

n I - X2) rainbow color at a slanted angle in the Fourier plane. It
rin [.c _ =, is, therefore, apparent that, if a narrow masking slit is

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

Xf(q - q0))pae
(p.q:X) - SG) rect W 2 sinc 2 (v W(p po. plane.

27rb I Now let us suppose that the masking slit can be de- A

l (4) scribed as

This result describes a completely spatially coherent 0 = a-y (19)
•-illumination. 2

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

rb(x- l - X2) is the slope of the slit. By substituting Eqs. (16) and
lim sinc Kbx 21 - X2), (17) into Eq. (19), we have

where K is an appropriate constant, and Eq. (12) be- p=

comes %

Q- ) which can be written as
I(p .q ; ) = S G\ rect I - " b WJ . (1,) - X,,)1

1 rb JP = -- -= 20)

This result corresponds to a completely spatially inco- 2. 2. tani

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
nonlinear function, as plotted in Fig. 4(a). Figure 4(h)

IV. Frequency Calibration and Resolution shows the experimecntal result to crinlirm 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 he 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 frequpncv 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 site. and the width of the

matic (i.e.. Of/O = 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-iight source

15 March 1985 / Vol 24. No 6 ' APPLIED OPTICS 839
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Fig. 5. Determination of the output spectral resolution.

(e.g., nnrrotwhand spec i spelIct rogr rn ). I however, we
0 see that the overall output resolution of the spectral

wAvE'LENG TH 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
be shown as

A', - (h, + h2 ) lsin(-- - )+ tani-, - 0) 251

1500 where W,, and W. are the width of the smeared fre-
D quency spectral line and the width of the sampling slit,

0 ,ooo. is an appropriate conversion factor, and y and a are
"oo defined in the figure.

' From this equation we see that the effective output
400 No o0 x frequency resolution is proportional to the diagonal

region of the spectral line that intersects the sampling
PWVELENGTH (NM) 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; (bN experimental result. A , >a a, (26)

This is the price of the color encoding. Nevertheless

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

b' = bf/f'. (21) advantages we gained from the white-light pro-
: '-' ce ssin g .

where f' and f are the focal lengths of collimating and
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 -unm pinhole was used as a white-light source. A

b' b( phase grating of 80 lines/mm was used as a dispersiveX/, - ,f' element at the input plane. A narrow slit of -70 ur 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 MIm.

In the experimental demonstration, we show two sets
Ai' = V/W, (23) of color-coded speech spectrograms obtained with this

where c 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 hy a sequence (f
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
approximated by the following equation: a set of narrowband speech spectrograms representing

a 45-Hz bandwidth resolution. Figure 7 illustrates a set
As,,' =(A")

2
+ (As'12122  

" (24) of wideband speech spectrograms with a 300-Hz
Af/ vbandwidth analysis. From these sets of spectrograms.

As an example. if we let v = 195 mm/sec, b = 90 uin. X we see that the basic structure of the spectrographic
S0.5 un, W = 5 mm. and f'= 762 rm. the frequency contents is preserved. The characterization of the

spread of the proposed optical spectrum analyzer is .u' formant variation can readily he identified. Since Fit:.
42 Hz. which corresponds to a narrowband analysis 6a) is produced by a low-pitched voice ti.e.. male-), the

840 APPUED OPTICS / Vol. 24. No. 6 I 15 March 1985
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Hlisenlhcrg's uncertainty principle4 in quanttum mp-

I IM L CLu)
(a) VI. Conclusion

to In this paper, we have presented -a method of gener-
Mting r. continuious frequency qolor-coded speech ap'c-

is _ -trogram with a white-light processing techniloque. 'The

& ~. .proposed system not only offers a low-cost alternativeo but also eliminates the coherent artifact noise. More-
______o5____M _____.___ over, the multicolor display of the spectrogram is

2 3 ~~~adapted to the natural sensitivity of hmnee n
4KNTIME (SEC) thereby provides improved visual discrimination.

(b) Nevertheless, we want to stress that due to the very
limited resolution of the CRT scanner used in our ex-

Fig. 6. Black-and-white photographs of narrowband color-coded periments, the results that we obtained only extended
speech spectrograms l-45-Hz bandwidth): (a) obtained with amale to 1.6 kHz. This limitation is more pronounced for a

Vvoice; (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
frequency range can easily push up to 4 kHz. This

z
O4~ frequency range is commonly used for most telephonic

0 01' systems.
~- C.2

I TIME_ (SFCA
(a)
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PROGRESS REPORT ON ARCHIVAL STORAGE
OF COLOR FILMS UTILIZING

A WHITE-LIGHT PROCESSING TECHNIQUE

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

MOTS (I 'S KI ttflRO
Traitementr d'image Image processing

Codagc coulcur Color encoding

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

SUMMARY : In this paper. we report a spatially encoding techni- RtSUMI : Dans cct aniclc nous decrivons une technique de
que such that the moire fringe pattern inherently existing with the codage spatial qui evite ies effets de moire dans Ilimage restituce.
retrieved image can be avoided. To improve the Jiffraction effi. Pour ameliorer Ie'ffiicti du reseau de diffraction forme 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 elimine le tirage d'un positif. Au lieu de restrcndre Ic codage dans la
climinated. Instead of restricting the encoding processing in the partie lincaire de la courbe transmission-eclairement. il esi possible
linear region of the T-E curve, we would allow the cncoding in the de coder sur la partie lincaire dc la courbe efficacite de diffraction-
linear region of the D-E curve, so that a broader range of encoding eclairement. cc qui clargit la gamme d'cxpos"iions Les rexultats
exposure can be utilized. Experimental results indicate that excellent experimentaux montrent une excellente fidelite 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 [1] in 1906.
He introduced a slide viewer that produced color

Archival storagc of color films has long been an images by a diflraction phenomenon. Grating either
unresolved problem for the film industry. The major of dillcrent spatial frcqucncics or olfaiinuthal orienta-
reason is that the organic dyes used in color films are tions were used. More recently. Mueller [21 described
usually unstable under prolonged storage. often a similar techniqtuc. employing a Iricolor grid ,crccn
causitig gi-adtial cultuir I';ditig. Although there are b1r imsage enlctdiing. III dcodll g, he u%cd Ihrec quisi-

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 retrical
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 ihat 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 spatiallN encoding
projectors are used. These films should be projected and decoding process such that the moire fringe
in perfect unison so that the primary color images pattern can be avoidcd b. spatial filtering. To improsc
will be precisely recorded on a fresh roll of color film. the diffraction efficienc%. we hate introduced a
However. this technique has two major drawbacks bleaching processing for the encoded film in sihich
first, the storagevolume 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.

'S ~~ *~~i~% % '...*.,*%i%**.'. ~ P% l
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curve Ic..lled 0-h curve). I )ea il cerimnltal p1 i- I
ccdore of this archival storage tcchnilte is prescled. V V y
lichli lly Icsults (1l l'llieval Co',lor inllage,, ati e-

provided. Comparisons with original color trans-
parcncy are also given.

Grating I Grating 2 Grot-ng 3 I
tFor Blue Color) (For Green Color) (For Red Color)SPATIAL ENCODING AND DECODING

We shall now dcsc:ribe a spatial encoding technique FiG. 2. - Positions of the three spatial samplings.

utilizing a white-light source. A color transparency
is used as an object to be encoded, by sequentially
exposing with primary color of lights, onto a black-
and-white film. as illustrated in igure 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
patern in the retrieval color image. we propose to technique. Let this intensity transmittance of the
sample one of the primary color images in one indc- enique. Les e ns c o
pendent spatial coordinate, and the remaining two encoded films be (5]

primary color images in the other independent spatial T,(x, y) = K { T,(x. y) [I + sgn (cos p, v)] +J coordinate. as shown in figure 2. Since any mixture

of red with green or with blue colors produces a wide + T,(x, j) Il + sgn (cos pi x)] (I)
range of intermediate colors, we propose to encode + 7'(x, y) 1 + sgn (cos pi x)]} - h I
the red color image in one independent spatial coor-
dinate direction, and the blue and green color images where T,(x. v) 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,, pi, and p. are the respective
blue) may not be avoided. However this small amount carrierspatial frequenciesix, )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 [6]. and
reasons : first, a slight mixture of blue into green 1
will not produce significant color changes. Second, sgn (cos x) c  >  (2)
strictly speaking all the color transparencies are not - 1. Cos x < 0.
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 [5]. we shall bleach the
encoded negative-image film to obtain a phase object
transparency [7. 81. Let us assume that the bleached

Collmate Whte Lghttransparency is, encoded in the linear region~of the
1 dilfraction efficiency D rersus exposure E (e.g.. as

shown in fig. 6). The amplitude transmittance of the
Color Transparency bleached transparency can be written

T t(x. y) = exp[Hi,(x. .)J , (3)

2f where 4i(\. y) repicsrnts the phase delay distribution.
which is proportional to the exposure of the encoded1c film 191. such asTc'~,O~e i(bIx. Y) =M { TIx. y) [1 + sgn (cos r )] +

+ T,(x. Y) [I + sgn (cos p, x)] (4)
2 f /7_Primary Color Filter -- 7.(x. r) I 4- sgn (cos p, x)) .

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

I -Photographic Film plane P, of a white-light optical processor. as illus-
trated in figure 3. then the complex light distribution
due to rix. y. for erer\. /. at the spatial frequenc ,

Fiu I. - S. qunt tul %pa tit/,lr vii ,,ii plane P, can be determined by the following Fourier

V** VV
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By expanding tilx. v) into exponential scrics. Eq. (5) can be written

S(2. fl;) . + i4 (xK. Y) + [i4,(x. F)]2 + exp[-. X + At)Jdx, dv. (6)

By substituting Eq. (4) into Eq. (6) and retaining the first-order and the First-order convolution terms we have

S'(Oc. (i,)= .~.( + a +~h L )

+ ~ L ± .o) + L ± ± ".'~ (7)

+ P,. 2~r + ± f .#P,# + +t~( ± ,h. /fl ± a r, +)

Blue Color Filter

- Si.. Color F-Ie,

,iled Color F.iier

C G.e" Calo Red Color Filter_,
F.ie. 17.,ipqf Plane

Stop Bond Green Color Filler

F (.3. Wihatc' hg/ic prticct'% %,r fuir \patial ci/cr dec cidinig. 1. extenided
ititce lightl %ource . L, irans/cirril lenAs T(x.y.c. bleached encoded

transparency.Fc;4.Cirtu/icnea /c ccdrcpuipci.

the Fourier plane would be
where f,. t, and to are the Fourier transforms of T,,
T, and To respectively. * denotes the convolution S (a. 0) a. -, P
operation, and thce proportional constants have been 2~
ne ,lpcctcd for simplicity. We noie i hat, the last crocss / ~ ~ j 8
product term of' Eq. (7) would introduce a moire (a 0)P + Pfrtnge pattern. paralil to encoding gratings of blue -,,

and green. in the retrieved color image. Nevertheless, \hr id aetersetcrd le nall of those cross product terms can bc pro'perly hre colo r. %aen s 4 Are the espectie bl.andmasked out at the Fourier plane. Thus b\ proper color rnclo'a.eith tteouptmgeln.
filtering those first-order smeared Fo .urier spectra, the complex fight distribution is
as shown in figure 4. a moire free true color image scx Y) = ,x y) ei C tpp,) - T1.x. 0i exp(i.Np,)
can he retrieved at the output image plane P,. The
corresponding c'9)mplcx light field immediately behind -Tallx. v) expt- i\:pa).()
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Ile out Image irradimice is therclore no. I and 2, it will not generate any undesirable moire
liii ."s excet l a cros% grid bte tc gi.i iliigs 3 ind I.

I(\..r) I (\ ty) I 1;('..r) I (x\..r. 1( t) ilid .3 ;,id 2. W hlcIc. gatiligs I and 2 arc pa,.allcl-psuperimposed. it produces a moire ringc pattern o1
which i% :i suipc),Osili ohil of Ihrec ifiry cnOtdcd PialalicuItclicy/I., -1p, - pIlin the.sattnCdirection
color images. 'lihus we see that it moire Iree color of gratings I and 2.
image can indeed he obtained. Since the las term ofr Fq. (7) represents the Fourier

We shall now discuss the ell'ect of lloire Iijinge tralnsf1orl of this moire fringe pattern, the resolution
pattern in more dtail. It is well known that a moire of' th retrieved encoded color image (hlue or green)
pattern is produced by the overlaying of two or more is limited by the size of the color spatial filters. as
gratings [10, II]. When two gratings of spacing a and h illustrated in figure 4. Therefore, the spatial frequency
arc superimrosed with an obliquity anglc of 0, the requirements oflthe gratings I and 2 can bc detcrmincd
moire fringe spacing d can be written as by the following equation

hab ( 3
/ a 2 + b2 - 2 a cos 0 p, (p,+ 2 p#)= 'Pb

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

h sin 0
tan 0 = a - , (12) P = P. - p I =Pe, (16).

where i is the index of moire pattern (I = 0. ± I, and the spatial frequency of the moire fringe pattern is
S2. ...) which represents the resultant moire fringes

as an indexed family of curves (see ref. II). If these I
two gratings are perpendicularly superimposed at an- ,(
angle 0 = 90' then they form a cross grating pattern,
without moire fringes [11]. 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 = 0'), 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 (13 image can be obtained.' , I a - bI'

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

d P- Pb , (14) in our experiment, we utilized three Kodak primary

color filters of No. 25. 47B and 58 for the encodine
where pa = 2 ira and pi = 2 n/b are the spatial and decoding process. The characterizations of these
frequencies of the two gratings. filters, illuminated by standard A illuminant [12. 13].

We shall now investigate the moire fringe eflects 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, = 0.680 .v, = 0.320 : =0
No. 5X - (i ;. = 55W A xH = 0.3(12 Y , 069' - = 0.9.

-Q . (IX)
No. 47B - B*. = 4 3() .\u = 0.161 .) = 0.)7 - 0.824

and 14'x = 0.448 Yw = 0.408 Zw = 0.144.

where R * G*. B* and W', denote the red. green, blue decoding filters are the same type of color filters used
and white colors, respectively, x -4- - : = I, and for the encoding. The trichromatic coefficients are
x. v'. and : are the trichromatic coefficients obtained expected to be the same as those in Eq. (I8). except
from the chromaticity coordinates of the C.I.E. for the white color, that is
chromticitv diagram Hl2. 13]. Grating frequency of
40 lines,ml: is used for red and green color image IV'* :x, = 0.310. Y = 0.316. Zw = 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 anN choice of color can
is used for the white-light processing. and the color be reproduced by a simple transformation from C.IE.
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y vlici c lhc k aild )-. it c t: iillII litilliC LOCIIlI .ICI'lIl.
I y stlIhlittli lng Ihe Irichroma lic coeflicients of l'q. (I X)

mhi, l. (21). we hIvc

RE•08 .6XX 0 .711 V o. O R .

.8= - 0.915 X + 1.944 Y + 0.171 Z. (22)

07 G :nd B = 0.014 X - 0.031 Y + 2.810 Z.

06 p The chromaticity coordinates can bc determined in

05 the following definitions •

0. A R _1.688 X'- 0.734 Y'-0.340 Z

04 rR+G+B 0.787X+1.179 Y+2.641Z'"
.4WA"g G -0.915 X + 1.944 Y +0.171Z

0.3 R+Gt+ B 0.787X+I.179 Y+2.641 (23)
and

0.2bA B 0.014X-0.031 Y+2.810Z
.R+G+ B 0.787X+1.179Y+2.641Z'

Ewhere 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 reproduced with this color transformation.
Although tie color retrieval is evaluated within

Fu. 5. - Cirmaticity coordinates in C.I.E. the triangle defined by R* G* B* of figure 5. any
color point outside the triangle can be replaced by the

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

to R* G* B* as described in the following equation significant adversed effect by human perception.
14,151 In practice. we need only to control Ihe exposure ratio

of the encodings such that white color object can he
R = K1 X + K2 Y + K 3 Z, retrieved by a white-light processor. With reference
G = K, X + K5 Y + K, Z (20) to these available exposure ratios, a broad dynamic

' range of cnicodings onto a typical photographic plateand B = K, X + Ks Y + K 9 Z, can then be achieved, as shown infigure6.

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 are arbitrary constants.
We note that these tristimulus values can be expressed
as 114. 151:

0 20
X X(; X11  Ct

Y' YG YIV
Z "G E_ *

R = w 0 o Kodok 546oFim

XW X(; X11 z
w 2 E.xosure range 003-02 mrc"-/ .Yw Y, Y'.

XR X X R  0 01 02 03 04 05 6
YR 20 Exposurelmcs)

G Rw : Z :J, 221 -

XR Xw; XB ( 
-

YR Y ' Yl0
R w tO10 Kodak 5460Flrn

~XR XG X /0 Exposure range Opt- 005 ise

___________ 7.6 70 1.0 00le,,and B -' :e, ;oo
XR XG X" Loq Exposure (mci)

Y)' YG Yw

R -. 2w Fitc. 6 -- A hr,,ad exposure r,-L'e i (cn, (',dtnr"

."'"""
4--0,
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h 0 pXCI IIICIII, l.h clicodiing Ilispall l m i elL' .arc Imac V Kodak technical pan filin 2415 and 6 -
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Kodak lili 2415 Is flial it is ;I low coniast lihi with " ,o.2,z ;~~I at'lallily flat %IK-'tal iv pc~ll.. as %0Iw i0 II Itm c 7,. ..
I hi dis idvantage is that this lin is coated with a o-
thin layer of dyed-gel backing. for which it introduces ./

~additional noise Ihriough file bleaching plrocess. X/

Although the microfilm used is a clcar base film. 0
however. it is a high gaimma film and the spectral - 0 o0
response decreases somewhat in the red color region. Log eopo ,etc,)
as shown in lti,re 7. In order to compensate this low V20 460 o.
spectral response. one would encode the red wave- 1 / B-eohel

length with a higher exposure. Needless to say that.
the resolution and contrast of the retrieval color image "
are also allected by this developing process of the film.

It should emphasize that. to avoid the shoulder es
region of the D-E curve, the film should be preexposed.
Otherwise, it would introduce low exposure nonlinear 0
effect which causes color unbalance in the retrievatl IA.000 Log Exposure(mcs)
image. The plots of diffraction cfficiency versus
exposure for Kodak 2415 and 5460 films with Fi; - h p of dgilraci, elhrn'c' vcrhii c~p,,,ur, ,r
40 linesrn sampling frequency. are plottcd in ir' . Kodak lihn 2415 and 5460 for a 44) hnes/mm samnpling.
From the figure. we see that the bleached encoded
films oller a higher diffraction cliciency, the optimum
value occurs at exposures 8.50 x 10-1 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 10.Second. by subdividing the remaining exposure. taken By comparing the results of figure 9 with futre 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 moiures 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 better
We also see thatthe 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
d~ed-gel backing. Accordingly. this thin layer of dyed- CONCLUSION
gel backing causes additional noise level through
bleaching process. For comparison, we also provide In conclusion, we would like to point out that.

a 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 one independent coordinate, and blue and

2 0 green color images on another independent coordinate.
so that the moire lrce color Image can he retrieved

-0 Ko¢Iok F,rm\ at tit output plane. We have also introduced a
bleaching process to convert a negative encoded
image into a phase object encoded transparency.

/oin which the step of generating a positive enco(ided
Kodio o.40Fim" transparenc can be avoided. Experimental results

show that spectacularly faithful color images can be
10 oobtained with the technique. Although the resolution

and contrast are still below the general acceptable
ic stage for practical application. hokeer b% using a

20C 3QO0 3500 4000 4500 5000 5500 4000 6500 70-) more suitable encoding film these drawbacks ma) be
wavelength i(t eliminated.

We acknowledge the support of the .S. Air Fot(
FiG. 7. - Spectral reipnn.es of KodA" tdfdt 2415 and 5460 Oflice of Scientific Research grant AFOSR-81-0148
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FIG. 9. - Color pictures reproduced by this technique.
(a) obtained h)- Kodak 2415;
(b) obtained b'y Kodak 5460.
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IGenerating False-Color Composites
with a White-Light Optical Processor
F. T. S. Yu
Department of Electrical Engineering, The Pennsylvania State University, University Park, PA 16802
G. W. Petersen
Department of Agronomy and Office for Remote Sensing of Earth Resources, The Pennsylvania State
University, University Park, PA 16802

AosTRAcr: A technique of false-color compositing by encoding multispectral remote sensing
data with a low-cost white-light optical processor is described. Spatial encodings are made
with various multispectral band image transparencies, and false-colonng is obtained by color
filtering the smeared Fourier spectra. In contrast to the low-resolution digital image, the
white-light method generates a high-quality color-coded product. This image is tree from
coherent artiiact noise because coherent light sources are not used. This simple and versatile
technique may offer a wide range of applications. Three bands of multispectral Landsat data
were processed using 70-mm black-and-white film negatives. These false-color encoded im-
ages allowed for discrimination of various Earth surface features. Forests, agricultural lands,
water, urban areas, and stnp mines could be shown on the images as each of these thematic
classes were displayed as a different color.

INTRODUCTION MATERIALS AND METHODS
M OST OPTICAL IMAGES used in scientific appli- Three bands of multispectral scanner Landsat dataM cations are gray-level density images, such as were processed for false-colonng using 70-mm black-
scanning electron microscopic images and x-ray and-white film negative transparencies. The bands
transparencies. However, as has been shown for were from the blue-green (Band 4: 0.5 to 0.6 in),
multispectra] scanner images from satellites, color red (Band 5: 0.6 to 0.7 l.m), and reflected infrared
provides far greater visual discrimination. (Band 7: 0.8 to 1.1 i.m) spectral regions. The scene

In current practice, most false-color images are is a 78 by 107 km subsample of Landsat scene 1440-
generated using digital computer techniques (An- 15172 showing southeastern Pennsylvania (Figure
drews et al., 1972). Unfortunately, this method has 1). A multispectral-band image-encoding transpar-
three major drawbacks: (1) the equipment to gen- ency was obtained by spatially sampling each of
erate these images is usually very expensive, (2) the these three images onto black-and-white photo-
technique is generally elaborate, and (3) image res- graphic film, with specific sampling grating fre-
olution is limited by the finite sample points of the quencies oriented at specific azimuthal directions.
system. A white-light false-color compositing tech- To avoid the Moir6 fringe pattern, these three im-
nique that alleviates these three problems is de- ages were sampled in orthogonal directions with
scribed in this paper. The advantages of this new different specific sampling frequencies, as shown in
technique are (1) the cost of the equipment is sub- Figure 2. The intensity transmittance of the encoded
stantiallv lower than for the digital process, (2) the film can be written as
encoder is relatively easy and economical to oper-
ate, and (3) the results oi the optical technique can, T(x,y) = K{T,(xy) [1 - sgn(cos Wy)]
in principle, match the resolution of the multispec- - T,(x,y) [1 - sgn(cos W~x)J (1)
tral images. - T,(xIv) [1 + sgn(cos Wx)]}-

In an earlier paper, the technique of false-color
compositing with a white-light processing tech- where K is an appropriate proportionality constant;
nique was described (Chao et al., 1980). Although T,, T2, and 7, are the multispectral band transpar-
excellent results were reported using this method, encies, bands 4, 5, and 7, respectively; W1, W2, and
false-color composites were obtained using onJdy two W, are the respective carrier spatial frequencies; (xy)
primary colors. In this paper we shall extend the is the spatial coorchnate system of the encoded film;
white-Light false-color compositing technique to the -y is the film gamma, and
multicolor case. For simplicity, we shall describe the
case for three primar. colors. sgn(cos x) 1 -. cos x 0 2)- Cos x< 0 2

PHOTOGAmmETRIC ENGINEERING AND REMOTE SENSING, 009 -2'86" " 6'sc:",,
Vol. 52, No. 3, March 1986, pp. 367-371. C1986 Amencarn Socen' to- PhotoZ arme,.'

and Remote SensLng

V
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FIG. 1. Location map of the study site.

The encoded transparency was then bleached to coio,,Cled CIvo.

obtain a surface relief phase object (Upatnicks and Whole L.qht Whl L~Qht Who'. L~gft

Leonard, 1969; Chang and Winick, 1980). We as--I sume that the bleached transparency is encoded in
the linear region of the diffraction eificiency' versus s...Soidal 101'. S i.,soo Gww"'S' ,,o;I

the log exposure curve (Figure 3) (Chang and Win-
ick, 1980). Thus, the amplitude transmittance of the -
bleached transparency can be written as bon 5 Bond bond

t(x,y) = exp [idb(x,y)] (3) " . Ph 110mo F1 Praog h Fr

FIG. 2. Spatial encoding.

tion, which is proportional to the exposure of the

encoded film (Smith, 1977), such that By expanding t(.-,y) into an exponential series,

64(x,y) =M{T 2 (x,y) [1 - sgn(cos W'v)] Equation 5 can be written as

-T 2(XY) [1 -+ sgn(cosWx)] (4) S(0i,P;X) =ff{i + id)(x,Y) [i4)(x,y)J 6
-T 3(x,y) [1 +~ sgn~cos W.ax)]) (6

where M is an appropriate proportionality constant. . . .} expl - I- (ax - f5y)]dxdii
If we place this bieached encoded film a t the input w
plane P, of a white-light optical processor (Yu, 1983), By' substituting Equation 4 into Equation 6 and re-
as illustrated in Figure 4, then the complex light tamiing the first-order terms and the first-order con-
distribution due to t(x~y), for everv X, at the spatial volution terms, we have
frequenny plane P,. can be determined by the fol-
lowing Founier transformation:

S00X = ff t(x,Y) (Q )

exp [-i - (ax P y)] dxdy (X I~G

ffexp [id) (-,,v)

exp [-i-(ai -V)) dxdv. T, (a, . ~f W (7)

.. r-w-~~~ ~ ~ ~ Tbor. 0-.Wr.r ro_ f3)e

Yeo
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-

/_________K ______ whre , Aand lar Ithe respectie red, bhue

Log lax,. andgren clorwavelengths. At the output image

FIG. 3. Diffraction efficierncy versus log exposure plot ot a thae efoe, oo oddiae raiac s
typical spatially-encoded film,.hreoe

I(x,y) = T,, (X,Y) - T,,2 (X,y - T "2 (X, .1) (9)

__ . which is a superposition of three primary color en-
2IT '~ T3(co 21Tcoded images, where T, T,, and T 3. aeterd

+f blue, and green amplitude distributions, respec-
W. t 2 )c --V TAU = (ci ~ p tvelv', of the three spatially encoded images. Thus,

a Mvloir6-free color-coded image can be obtained at
the output plane.

where ttand t,. are the Fourier transforms of In our expenment, we used two sinusoidal sam-
T,. T, and T, respectively,; -denotes the convolu- pling gratings for the spatial encodings, one with

tion operation; and the proportional constants have 26.7 lines/mm and the other with 40 lineslmm. The
been neglected for simiplicity. We note that the last encoding transparency was made by Kodak Tech-
cross product term of Equation 7 would introduce nical Pan Film 2415. The advantage of using this
a Moire- fringe pattern, which is in the same sam- film is that it is a high resolution film and has a
pling direction of W. and W, Nevertheless, all of relatively flat spectral response. The plot of diffrac-

-~these cross product terms can be properly masked bon efficiency versus log exposure for Kodak 2415
out at the Fourier plane. Thus, by proper color-fil- film at 40 lines'mm sampling frequency' is shown in
tening of the first-order smeared Fourier spectra, as Figure 3. From this figure, we see that bleached
shown in Figure 5, a Moir6-free false-color coded encoded films offer a higher diffraction efficiency -U image can be obtained at the output plane P,. The the optimum value occurs at exposures of 8.50 x
corresponding complex light field immediately be- 10- 3 mcs. With this optimum exposure, it is possible
hind the Fourier plane would be to optimize the encoding process by first pre-ex-

Eattfldee Wtrale-L,gthl

sovrce

P a Bwe Colo, r ie

Re ol, P.1,:

FIG. 4. A wflte-light false-color ericocter.

%~~-
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PLAxTE 1. Multispecital Lanosal cata with bano 4 encooied PLATE 2. Multlsoectral LanoSal oata with band 5 encoded
oreen and Dand 5 encooeo red. rec anr band 7 encooc blue.
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incolor.
When all three bands of the Landsat data are en-

coded (Plate 4), the Susquehanna River appears as
__ violet, and the othe- bodies of water as shades of

'~ C ~blue. The surface mines and Urban areas are dark
red. The agricultural valleys are orange and the for-0
ested regions are green.

The images presented in Plates Ithrough 4 show
the results of false-color encoding, using a white-

\% oc , light optical processor. Six bands would be the prac-
I tical limit for encoding. This approach tor general-

ing false-color composites, has great potential. The
0 FI. 5.Fouier lan Colr ttterngwhite-light system is a high resolution color en-

coder. In principle, the resolution ot the color en-
coded image can be as high as the original

posing the film beyond the toe region of the dif- monochrome transparency. The white-light en-
fr-action efficiencv versus log exposure curve. Then coder is easy to construct and can be assembled for
the rert1ining exposure is subdivided into three re- costs of less than 53,000. Once const-ructed, the s- *0

gpons. by taking into account the iinear transmittant tern is also easy to operate. Therefore, this system.
r;,exposures of the three encoded images. ofierS a new and inexpensive approach to the de-

In false-color compositing, we use Kodak primary ye lopment of false-color composites.
color filters 25, 47B, and 58 in the Fourier plane, a's
shown in Figure 5. A xenon-arc lamp is used as the ACKNOWLEDGMENTS

exteded hit-ligt sorcefor he fisecolo enextnde whte-igh sorceforthefale-cloren- Paper No. 6888 of the Journal Series of the Penn-
codig tchniue how in igue 4sylvania Agricultural Experiment Stanon. The au-

RESULTS OF FALSE-COLOR ENCODING thors would like to gratefully acknowledge the
financial assistance of the Office of Scientific Re-

The results of the false-color encoding of the search, U.. S. Air- Force, and the Office of Health
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Plates I through 4. in Plate 1, where band 4 is en- Energy.
coded green and band _: is encoded red, the Sus-
o uehanna River and smal] bodies of water are REFERENCES
delineated as deep red. The islands in the Susque-
hanna River are easily distinguished. Strip mines AndrewVS, H C., A. B. Tescher. and R.. P. K&uge 1 7"
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sitwras voie coor.SraU an L Chao, '. H.. 5. -. Zniuang. and F. '7. . 298,' Wfrune-shw s2voe.ci: mllakes adresery-c:-rs - .iich: -yse-.cocoic, )ens.r. Trcc nrou ::avnep: as bluish, hues. Some of the surf.ace-rriner -s eera"d~
aas appear as a iight vioie: coior, along Aith~ sorne -.M. H a olocrac F-r'.nnies Cnav-e-

o' tne care fielas ir. the agrn ua valievs. 7ne n Aori M:s(.N.SmrE.
lorest:regions are dark blue and: *he acricuirural QS-)er- ena \

areas are recr. areas are no. deh1.neated. Uamea . and :_ca rd 969 D.47ramn Ef.**cienr-
.4Wate7 z7:nea:rs as severa shades o' 'clue \%he-. c: Bleached. Pno ot:a -,-u1:v Recoroed interierence

Dane 4 is encoded greer, and band 7is encooed -ne.; e
blue (Plate 3\> Norheasi-so-,tnwes- trenn. s-ea-ms 7i i;. 5. 2 %P'es ieN-
are also eviden: near th)e center of the =nage. 5-:7 lnesZne'x' _ N?.
race-niner, areas are a =mucr- carkxer bilue, and can.

areMCF Cl2.7Y ~s*inr.nsecortru LmgL(Received r:t accented Se~ie-moe- 19S5. re-

uc sh tp e.-ic .- re.aesaea:.U ie o,--7 H

d



158

SECTION XXII

Low-Cost White-Light Processor



IEEE TRANSACTIONS ON EDUCATION. VOL E-2h. NO 3. AUGUST 1915 133
159

A Low-Cost White-Light Optical Processor for the
Undergraduate Optics Laboratory

FRANCIS T. S. YU, SENIOR MEMBER, IEEE, AND H. M. MUELLER

Abstract-Techniques of white-light optical signal processing are coherence of a wide-band or white-light source, where the
coupled with a relativel. unsophisticated system featuring 1o0 cost, desired degree of coherence is specified by the require-
portabilit), and high processing power-lo-cost ratio. The k.-cost while- ments of the particular process of interest. Thus, the

.m light optical processor (LCP) offers educators and businesses a white-lioht processor can operate in both an incoherent
erful teaching aid while providing a system capable of optical process-

ing usually associated with complex optical systems. Experimental re- mode or a partially coherent mode, and can therefore pro-
suits are provided for four processing techniques applied to the system. cess signals in complex amplitude 131 such as the coherent
The methods applied are: scanning optical correlation and convolution, processor. The white-light processor is of primary interest
color schlieren optical processing, processing of bubble chamber event herein, and its advantages are worth repeating.
photographs. and density pseudocolor encoding. A full list of system

equipment and details of the system construction are included. Em- The coherent source is most often quite expensive. The
ptasis is on the processing power available for low cost, making this a white-light source is much less so and can even be an in-
tool to be ,=tilized in undergraduate optics laboratory courses. expensive slide projector, as in this system. The alignment

and operation of a coherent system is generally complex

I. INTRODUCTION and sensitive to vibration and other environmental factors.

oThe white-light processor is not as sensitive and thus lends
U tNDERGRADUATE optics laboratory courses are itself better to use in a less strictly controlled laboratory

often restricted in class size due to the high cost of environment.
optical systems. Modern optical processing systems are The foremost advantage of the white-light processor,
most often a complex array of equipment. A simple optical without question, is its ability to suppress the noise nor-
processor offers distinct advantages over complex systems mally associated with coherent optical processing. Yet by
for some processing techniques. Such a simple system is using the white-light processor in a partially coherent
of immense interest to educators and businesses if it can mode, it can process in complex amplitude, as a coherent
be offered at a low cost. optical processor, thus showing a simultaneous combina-

Development of coherent optical processing techniques tion of the attributes of a coherent system and an inco-
(those using a coherent light source) has taken great strides herent system.
since the invention of the laser. This has tended to obscure The white-light processor is also immensely better
a parallel development of noncoherent optical processing suited for color optical processing because of its wide-band
techniques. In fact, much of optical processing predates spectral content. Coherent optical processing in color re-
the laser and is thus based on incoherent processing tech- quires the use of multiple coherent sources thereby dou-
niques which are based on the use of an incoherent or bling or tripling the cost of the system source.
"white-light" source. Rogers [1] presents a review of

or early incoherent processing methods. Some of these early II. MOTIVATION

techniques are still used today. To demonstrate the abilities of simple optical processing
Coherent optical processing is conceptually simple. Its systems and their application to undergraduate optics labs,

basis is the ability to operate on the complex amplitude the low-cost white-light optical processor, herein after re-
light distribution formed by a coherent source, but most ferred to as the LCP. has been developed. The motivation
authors agree that the major problem with coherent optical to develop such a low-cost processor may be suspect to
processing is the accompanying artifact noise [2)-14]. some now that high technology and sophisticated equip-
In contrast to the use of a coherent light source is the ment are visible in nearly all of our lives. Yet to the edu-utilization of an incoherent or white-light source. The cater who requires optical equipment for an undergraduate

white-light source can be made to appear more coherent level optics lab. or to the young engineering firm. a tess
A, at the input plane of the optical processor by the indepen- levlioticstea(i.eor less eyuenibuteei alsophisticated (e.lssexpensive) btadequate optical

dent manipulation of the temporal coherence and spatial processing system is attractive.

The LCP is thus based on the philosophy of seeing how
Manuscript received June S. 98-4. revised October 15. 19F4 This work much can be done with how little. There is an elegance in

was supponed by me U.S. Airforce Office of Scientific Research under Grant turning to the basic tools that the earl- researchers in op-
AFOSR-S-0140

Tne autnors are -tth ine DeDanrmen: of Eiectrica' Engineering. the tical processing used and applying more recently devel-
Pennsyt'anta State Unmersi\. rivesit' Park. PA 16S0" oped techniques to then.
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III. CONSTRUCTION White-I qht Source Transporency Mount Lens Mount

The LCP is built on a base of 13 in plywood. The lensesI
are held in wooden mounts that are slotted to allow ad-
justments along the wooden rails attached to the base.
Each rail is faced on one side with a metal strip to allow
a screw in each lens mount to tighten on the rail, fixing
the mount in place. Object transparencies and filters for

experiments are held in mounts which are similar to the - LCP Bose
lens mounts in their operation. Translators were fabri-
cated in a machine shop and run on a simple uncalibrated
machine screw. The entire base is mounted on height-ad-
justable bolts serving as legs at each corner. The complete Fig. 1. A photograph of the low-cost whie-light optical processor (LCP).

LCP is shown in Fig. 1. Normally, for good vibration iso-
lation, the slide projector is placed on an adjacent stand. demonstrated density pseudocolor processing abilities.
A complete list of equipment is shown below. These techniques demonstrate the wide range of the ap-
Aplications with which the LCP can be used to aid in teach-

Equipment Quantity Model ing optics and optical processing. Many additional optics

1) Lens and mount 2 Wollensak 209 mm experiments can be performed using the LCP.

f14.5 Raptar CopY A. Scanner Optical Correlator
Lens The LCP is configured as an optical correlator [51 to

2) Slide projector I Kodak 600H with demonstrate the principles of correlation and convolution
3) Transparency 3 W Lamp as shown in Fig. 2. Distances between components are in

mount terms of focal lengths. The pinhole is a slide placed in the
4) LCP base with I slide projector. LI and L2 are nearly identical lenses-the4Prails angle between them is not critical. The photodetector is

5) Translators 2 at the focus of L2. The signal generator drives the vibrat-6) Vibrating mirror General Scanning, ing mirror to scan the image of f(x, y) across the trans-
6mInc. parency g (x, y). By simply reversing fix, y) to form f(x,

Model G330 -y), the convolution of the two functions can be ob-

7) Photodetector I served.

8) Signal generator I The signal transparencies f(x, y) and g (x, y) are shown
9) Oscilloscope I in Fig. 3(a) along with a calculated result for the corre-lation and convolution of these transparencies. The output

The design of the LPC is by no means optimal. Substi- irradiance of the optical correlator is shown in Fig. 3(b).
tution of materials and equipment could easily be affected The output shows the result of the correlation of the two

- in later investigations. It is. however, a simple system. transparencies and their convolution. Slight differences
The copy lenses are not achromatic, so some chromatic which occur between the calculated results and the scan

aberration of color image is inherent, although not limit- profiles must be attributed to the photodetector. It is clear
ing. The photodetector is a photodiode powered by self- that the LCP can effectively demonstrate correlation and
contained batteries [5], but any detector available is suit- convolution in one dimension for ? simple slit pattern.
able. The vibrating mirror is mounted on a 60 Hz sole- A more complex problem is the correlation of transpar-
noid, driven by a sine wave generator. The signal gener- encies in both the x and y directions. To demonstrate, the
ator and oscilloscope used in this system were not lo%' second transparency g (x. y) was mounted on a translator
cost, as is the other equipment. but low-cost versions of to allow adjustment in the x direction. The maximum out-
these two items do exist. put of the photodetector was found by manually adjusting

Three of the four optical processing techniques inves- the translator in the x direction. That position then rep-
tigated required only items 1-4 of the equipment list. resented the highest level of correlation in the x and ' di-
Thus, the LCP is truly a low-cost, simple, and portable rections of the two transparencies. Fig. 4 shows the signal
white-light optical processor. transparencies and the results of this two-dimensional cor-

relation. Note that although the triangle and star shape can
IV. EXPERIMENTAL RESULTS be circumscribed inside the circle, the autocorrelation

Four optical information processing techniques were function is higher in amplitude than an\ of the cross cor-
used with the LCP. The first showed the LCP as an optical relations with the other shapes.
scanner correlator. Second. the LCP was used as a color A problem related to correlatior, is the performance of
schlieren optica! syster.. Third. the LCP was used to pro- correlation of color transnare:,cies I. this case. we con-
cess bubble chamber photographs with several different sider not on]\ a spatial correiation but a frequency or spec-
spatial frequenc\ filtering techniques. Finally. the LCP tral correlation as well.
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f AUTOCORRE,.ATIONSLIDI
Cirr NOTO rimCROSS.-

SLIT CORRELATION

amS COD

Fig. 2. Schematic diagram of a scanner optical correlator. * n

Fig. 4. Output photometer traces of a two-dimensional correlation for var-
,ous signal transparencies.

CONVOLUTION

P, f, o xy) AUTOCORRELATON• " I'CORIE.LATION

(a)Hm

* ~CROSS--
ORRELATIOi

Fig. 5. Spectral correlation of two transparencies.

The results of the correlation of these transparencies.
seen in Fig. 5, are expanded to show a single sweep of the
correlator. The relative heights of the outputs show that
although a high degree of spatial correlation exists in the
two transparencies (in fact they are identical), the degree
of spectral correlation causes a difference in the correla-
tion of the two transparencies.

lt is clear, in each case, that the LCP can be used as a
low-cost method of demonstrating and teaching the prin-
ciples of correlation and convolution. The fact that even
more complex problems in correlation of two-dimensional

g. (b) and color transparencies can be shown is a bonus.

Fig, 3. (a) Calculated result for convolution autocorrelation of a three-slit B. Color Schlieren Optical Processing
transparency. (b) Output intensity distributions of the convolution and the
autocorrelation obtained from the LCP. The German word "schliere" has come to mean. in a

transparent medium. a local inhomogeneity which causes
The response of the photodetector was made nearly pan- a diffraction of light 16]. The schlieren method is used

chromatic by placing a blue-green color filter at the input extensively in visualization of flow in aerodynamic and
of the detector. The transmittance of the first transparency thermodynamic research. bu, the technique can be applied
was controlled by matching a neutral density filter with to many flow visualization problems.
the red and green color filters as shown in Fig. 5. The schlieren method is an incoherent processing tech-

,,.V ,, .-- ,
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nique and the processor is therefore linear in irradiance. s (C M
The diffraction of the light passing through the transparent
object is proportional to the derivative of the object phase Lc Pi
14] which, in a fluid, is dependent on the change in re- 0,X)
fractive index 18].

In color schlieren optical processing 16]-191, the LCP
is configured as shown in Fig. 6. The transparent object p P2 NMI)

is located at P1. Distances are in terms of focal lengths.
Again LI and L2 are nearly identical lenses. The source L2

encoding masks used in the system are shown in Fig. 7(a), P3

and the corresponding filters used are shown in Fig. 7(b).
The filters were placed in uncalibrated translators to allow
for adjustment in the p and q directions.

To further demonstrate the ability of the color schlieren
processing technique to provide information about a f g,aB)
transparent object, a stationary three-dimensional objectwas presented at the input plane PI in the form of a water Fir. 6. Schematic diagram of color schlieren optical processor m((. r/) is
drop. The water drop can be considered as a transparent he source encoding mask. H(p q) is he spatl frequency fitrs.

object which refracts light due to a gradient in the thick-
ness of the water drop.

From Fig. 8(a), itris clear that some difficulty, exists in
the interpretation of a schlieren photograph without color.
The light and dark areas do impart some information con- .

cerning the contours of the water drop. but do not clearly
indicate the direction of the inhomogeneities. In the photo
of a color schlieren image, Fig. 8(b) (costs for color print-
ing prohibit showing the color image-color prints are 0 COLOR

available from the authors), the direction and slope of the CL o
contours are much more clearly indicated. The colors are 3

very vivid and their blending indicates the direction of the (a)

contours in two dimensions.
Fig. 8 also shows two of the limitations of the LCP. The P 1p

dark areas of the photo indicate light which is diffracted
past Ll. the transform lens of the white-light system. With -

larger lenses. these dark areas of the output image would 1 4 :
contain information about the input object. Normally. in q / q
flow visualization problems, this limitation would not be
as severe as it is here. Second, light appears outside the I
boundary of the water drop. Since the lenses are not ach- sToP
romatic these inconsistencies are attributable to the quality BAND

of the lenses. These are merely distractions, however, (b)

since they do not obstruct the object image. Fig. 7. (a) Source encoding masks for color schlieren optcal processing.
Finally, after demonstrating the directional qualities and (b) Spaual frequency filters.

informational advantages of color in Fig. 8, Fig. 9 is a
black-and-white reproduction of a color photo which shows has emerged as a major. labor-intensive task [lttr An op-
the flow of heated air from a soldering iron placed at P1, tical technique to obtain the necessary data is attractive in
the input plane of the system. The color in the photo terms of labor saved and in additional features that the
changes from blue to green to red depending on the direc- optical processing offers over standard hand processing.

tion of the heated air flow. There are subtle color changes The principles of spatial frequency filtering used in the

as the flow changes direction. Although no quantitative optical processing of these photographs can be traced to

data are presented. the value of the visualization of such experiments done by Abbe (18731 and Porter (1906) [1l].
a flow of a gas is obvious and the applications numerous. These principles are the basis of much of optical process-

The ability to use the LCP in such a situation makes it a ing. and this technique is a good demonstration of those
valuable low-cost analytical tool. principles. In order to process bubble chamber event pho-

tographs 110]. the LCP is configured as the standard white-
C. Optical Processing of Bubble Chamber lisht optical processor as shown in. Fir. 10. The in:): tc
Event Photographs the system, placed at plane Pl. is shown in Fiv. 11 and

Processing the immense number of bubble chamber represents a **draftsman's version" of a bubble chamber
photographs gained from a single high-energy experiment event. The horizontal lines are called "beam tracks" and

IV'MZI
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P1 fx p)

(a) f lJ

~Fig:. tO. Schematic diagram for optical processing of huhble chaimbr event

F.8.a)One-dimensional schleren optical prc n.Suce ak a

enoptical processing.

-+-.- i. II. A bubble chamber event photograph.a

V: :(a) (b) (c) (d)

Ftg. 9. Black-and-white picture of a color schliereni optical processing Fig: . Spatial freouenc~v filters used for processing bubble chamber event
showing fiov, of heated air from tip of soldering iror. photographs. (a) Stop-band filter fbi Directional higth-pa.ss filter. (el Color-

filter with zero-order stop. id) Color directional high-pas.s filter.

are normally of no interest. The angled "event tracks"
are the signals of interest, so their enhancement is the ob- ideal output of the LCP is seen in Fig. 13(b). Usuallyv the
jective of the processing. beam tracks are almost completely suppressed and onlyv

Four different filtering schemes were used at plane P-. those event tracks at the proper scattering angle are shown.
The performance of each filter is presented to show the This is most useful in measuring these angles. Note that
range of processing possible with the LCP. a two-slit filter should be made which would show both

The first filtering scheme used was a stop-band filter directions of the event tracks, allowing the angle between
shown in Fig. 12fa . The corresponding output of the LCP the two event tracks to be found.
is seen in Fig.. 13la i. Note that ideallx the beam tracks are The third filter brin~s in the dimension of coior as shown
totally suppressed, but in practice there is usually just a in Fic. 12c. Rather than suppress the beam tracks, a colortnl
marked contrast difference betw~een them and the event contrast is procuced in the tracks as seen in Fic. laa

. tracks. Normal}}. the enhancen'ent o: tne e e..: :racks. as which is a black-and-white reproduction of :, color photo.
shown, is the effec: re, :red. The beam tracks are biue and the e~en: track art rec.

The second filter is a directional high-pass Ilter as The fourth filter is shown in Fig. 1" d,. This method is
shown in Fig. 12(b) oriented in the direction, of the event least accurate in portraying the scattering angles..'et pr(,-
tracks" spatial freouenc' diffraction. The correst~ondi nge 'ides the clearest coior codine_ and is, seer, in the biack,-...... -y)

" ~ ~~~ L2'r ••f
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Ill lBAND

Fig. 15. Spatial frequency filter for pseudocolor encoding.

D. Density Encoded Pseudocolor Optical Processing
(b) For pseudocolor optical processing through contrast re-

_ _ __ versal [41, the LCP is configured as a standard white light
optical processor, as in Fig. 1O, with a different object
image at plane P] and a different filter at plane P2. The
filter used at the spatial frequency plane P2 is seen in Fig.
15. The color filters shown in the figure are used during
only pan of the process.

The object image was contact printed to yield both the
Fig. 13. (a) Output of LCP using stop-band filter to suppress beam tracks, positive and negative images of the object. These two im-
(b) and 4c) Output of LCP using directional high-pass filter to show only
event tracks in a prtcular direction. ages were sequentially recorded on a third sheet of film

and encoded by the use of a 40 lines/mm Ronchi grating.
Since the sampling theorem states that we must sample at
twice the highest frequency that we wish to encode. the
highest spatial frequency encoded properly is 20 lines/

1'i 0mm. This is also nearly the limit of accuracy in hand
alignment of the positive and negative images during the
encoding process. The recorded image was then chemi-

, cally bleached during the film processing to yield a trans-
parent phase object with a high diffraction efficiency,

(a) Since, in pseudocolor processing. we are most inter-
ested in the quality of the color output of the processor.
Fig. 16 shows a black-and-white photo of a pseudocolor
image of an X-ray. The more dense parts of the hand are
green while the least dense parts appear in red. Smaller
bones and tissues are more easily seen in color rather than
in a conventional black-and-white X-ray transparency. The
colors are very rich and provide better visual discrimina-

btion than a simple black-and-white image.

Fig. 14. (a) Black-and-white picture of a color output of LCP using color V. CONCLUSION
filter with zero-order stop. Beam tracks are blue and event tracks are red. The LCP, a low-cost white-light optical processor, has
(b) Black-and-white picture of a color output of LCP using color direc-
tional high-pass filter. Beam tracks are yellow and event tracks are red. been demonstrated. The system is simple and portable, yet

I" it is capable of performing many complex optical process-
and-white photo Fig. 14(b). The beam tracks are bright ing techniques. The versatility of the processor and its low
yellow and the event tracks are red. The addition of color cost make it especially suitable for educational instruc-
clearly delineates the areas of interest. tion.

As stated before, these filtering methods generalize to Four techniques of optical processing were demon-
any object wherein a regular pattern may obscure a point strated using the LCP. Correlation and convolution o' two
of interest having a different directional orientation. A signal transparencies and the correlation of the spectra]
scratch on an integrated circuit mask could easily be de- content of tv ransparencies were demonstrated. The
tected using the LCP in this optical processing mode. LCP was shown to be able to perform schlierer, optica!
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Considering these processes, the message is clear-a
low-cost optical processor such as the LCP is able to aid
in teaching complex techniques of optical processing that
are normally associated with specialized, sophisticated Francis T. S. Yu (M'66-SM'80), photograph and ',iography not available

optical systems. There is an elegance in the fact that some at the time of publication.

of the optical processing techniques demonstrated herein
were pioneered over a centurN ago. For the next 100 years,
they were researched, refined, and applied in increasingly

*- accurate and complex optical systems, yet now are finding
renewed interest when applied to a system more akin to H. M. Mueller, photograph and biograph not available at the time of pub-

those early processors lication.
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REAL-TIME COLOR-CODING OF DEPTH
USING A WHITE-LIGHT TALBOT INTERFERONIETER

S. JUTAMULIA. T.W. LIN and F.T.S. YU:

Department tof Electrical Engineering. The P..nnih-a State L- Puiterviv. Unit ervin Par. PA/.<1' L S4

Recei'ed 5 December 1985. re~ised rnanu,,crtpt rtei~. ' Ferrujr\ 19S6

A method for real-time color-codine of depth tibing .J A hite-itght Tialbot inierteromecter ts pre~.enied. Bi'eJ on the fi.t thit
the T.0bot plants of a grating are formed at different dima~nks. for different culors, the topgriphiciI iruturc of .1 .urii..e jin

be color-coded in real-time. Expenmnrtil reults ire pros ded to %erif,, the propn~ed method.

1. Introduction Therefore. a direct color-codin2- of depth can be
achieved by using a white-light Talbot interferomneter.

The technique of depth senstne has bezome an im- The present method -will provide a real-time color-
portant issue for advanced industrial inspectton III. codine of depth without usine liquid c-\ .szal lichzz
Generally, the depth measurement can be undertaken valve and TV camera system as in the previous meth-%
optically "by means of in rerferometry [:] and moire od [5].
effect [3] for small and large depth vanations. resciec-
tivelv. However. these methods only provide :eiatn'e
depth information. Methods based on the Fresnel dif- 2. Principle of operation
fraction theory providing absolute depth information
have been presented recently [4.5]. In these methods. Theoretical description of the Talbot effect has
the depth information is recovered from the distance- been presented in a great detail in the literature [7].
modulated Talbot image of a gra3ting, with coherent This section is essentially devoted to give a theoretical
processing. A white-iight processor is then applied to concept for the special appliation concerned \wth
isolav- the information in pseudocolor j5]. the color-coding of depth.

The white -light processor has been used for color Consider that a monochromatic plane wave is in-
cdn nmany ways, teie he exoioiia:non of its cieton a Ronchi 2ratinp. The Field be. und this 2ratinz

excellent low-noise performance [6]. the generation isI ' of color frin2es in the Talbot interferometer 7]has
been utilized to encode phase information [8]. When
a grating is illuminated by a collimated monochro- U (X, )y; 0) At? exp(2-,,inx."d) . I
matic lizht. an imagte of the grating wW be formed at
the multipies of a certain distance. This phenomenon where d is the period of the grati. .-I, is the nth co- i
is known asTalbot effect [7]. By means of a white- efficient of the Fourier series. The angular plane wave
Iiizht illumination, the color Talbot images are gzener- spectrum at the grating is given by the Fourier trans-

* I ated at different distances. In other words, the color form of eq. (1) as
of the Talbot image contains length information. If a 1
surface is exposed to reflect the Talbot image. the ut.':0) = 4- A,,6(L - nid) 6(;j . )

depth information of the surface is surely encoded in
th olro teTabtimz a h osrvto plane. Tepropagation ofzh au a an wave sp:

I78 0 030410 18/86!S03'.50 C: Elsevier Science Publishers BA'.
(North-Holland Physics Pubiishine Diviston)
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trum is formulated by the Rayleigh-Sommerfeld- where p (,v, w.:) is the Fourier transform o*piX.. ;Z).

Debye (RSD) theory as [1and can be expressed as

N2(,2+u) i:j (3 where * denotes a convolution operation and G (v. ;j)

is the Fourier transform of G(x..v). By substituting

Correspondingly. the angular plane wave spectrum at eq. (4) with the approximation of eq. (6) and the

a distance :from the grating becomes Fourier transform of eq. (8) into eq. (12). it v'ields

j-, (. p -) FaA,fi(v - nd)() P(Vw) exp (2-'.i:N)

X exp [2-,.i(l _ X2n2,,d2 ) t":\J.(4 X 22A, exp(- iX kd2)

and the optical field can be expressed as X Am 6(p - (n - m)jd) 6(pi) . (13)

u(X, y::)= ZA~ exp(2.-inxid) Neglecting the unimportant phase factor. exp(2'i:!X)
the total intensity becomes

X exp [2 _i( I - ;\2n2 d2)'2:,,X] (5) I22 AAmep-n\:d)

Assuming that the gratingz is rough enou2h such thatM

d >' nXl, one can approximt-ate that

Eq. (5) then becomes It is apparent from this equation that the total inten-
sitv P is maximum when

u (x, .z exp (2-,i::'X) =kdI.(5

X E A, exp(?r..inxid) exp(- imn2>&d 2 ). (7) where k is an integer. This condition is known as
Talbot distance.

Consider that an identical grating is placed at a dis- In order to illustrate eq.(1.4) more clearl, a model
tance from the first grating. The ampLitude trans- of cosine grating is applied. The amplitude transmit-
mittance of this zratin2 can be expressed as tance of a cosine gratine is

-C(x. y) = 1exp(2-.. ,d) +1:exp(- iLxd) . (16)

M-,yj 2 A ep2in.d This equation can be expressed in the formi of eq. ( 1)
where

After passing through the second grating, the field be-
hind this gratine becomes A = 1, A, =A.. 1

p(x,y::) =u(x,y;z)G(.y) . (9) A = 0, for InI=l1, n0_. (17)

And the total intensity is With the same approximation applied on eq. (8). the

P = f l (x.y 1 dx Y .total intensity becomes

Pffl~x~y:)IPd= C' P + Cos or X:/d), (18)

According to the Parseval theorev. the total intensity where c is an arbitrary constant. It is acparent again
can also be expressed as from eq. ( 18) that the total intensity P ,s maximum

P ff 1(v, ju z) 12dv dju, 11) when k2dA
-:T kd 2 .

%9
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The distance ZT is again the Talbot distance as stated pears. To extract the color of the grating image, the
previously in eq. (14). Therefore. the strongest color test surface is then imaged by lens L3 through a beam
observed indicates the distance between two gratings. splitter (BS) on the second gratuin G,. The back side

of G, is covered with a diffuser to make the output
observable.

3. Experimental setup

An optical setup can be constructed to conduct 4. Experimental verification
the depth measurement as shown in fig. 1. A white.
light point source is collimated by an achromatic lens In practice. the test surface usually has a low re-
L to illuminate the first grating G1.Every mono- flectivity that is difficult to collect the refleced h!ht.
chromatic light contained in the white-light possesses This drawback would restric: the method only appli-
Talbot plane at different distance from G1 .These cable to the test surface with a high reflectivit\. In
Talbot planes are imaged on a test surface by lens L,. order to verify the proposed method. a miror-like
Since the surface is not flat. a colorful grating image surface was used. In the first experunent. a surface
is formed on the test surface. The grating image has consisting of two different depths was tested. The
the same period for all the colors. These colors are side projection of the surface is depicted in fie. 2 a).
corresponding to the topographical structure of the Fig. 2(b) shows the color-coded image of the test sur-
surface. For the surface element closer to the G 1.a face. Moi.ri fringes are shown in the picture due to
red color is obse-ved. and for the surface element the improper alignment between the orientations of
farther away from the G1 .a blue or violet color ao- two gratings. Nevertheless. the motre fringes did not

TALBOT TEST

G PLANE Lz SuRfaCE

2 f 2'

WHITEc- IGHT 27

2L 3

G,2f

0 .DIFFUSER

Fig. 1. Experimenral senp for real-time depth color-coding usin; a ',,hate-light Talbot mterfromet.e

N80

%,-



170

Voldume 58. number 2 OPTICS CO\MMUNICATIONS 15 May 1986

affect the color coding. It should be noted that the
finges were blue in the upper part of the picture. and
were orange in the lower oart. According to the expe. -.
rirnental setup as shown in fig. 1. where a 100 lines/ 9
inch Ronchi grating and an imaging lens with 380 mm
focal len-th were used. the blue color corresponded
to a distance of 773.4 mm from 2rat ing G~ and the7
orange color corresponded to a distance of 770.7 rm
from G 1. Therefore, the depth difference was 2.7 mm.
This agreed with the real structure of the test surface
as shown in fie. 2(a.).

- Another experi-.ent where a concave mirror was
used as a test surface has also been conducted. The

(a)

SIDE VIEW
OF' THE
TEST SURFACE

Fig. 3. BIlack-and-A hire picture of the e.'pernental results of

r2.7mmcaz~dfrmrd t*h left upper corner to blue

J ~~~~~~~~~~attigt lowr come..Teclro h tu rre a

j 2.7 mmcombination of L, and the concave mirror forms the
imae f Te al;,o pane of a3,in2 G, around theI'~position 02 I h eodja~eG In this case, the

concave mirror pro%-ides the focusing and L.3 can be
left out. I" the onae irriscrctyaligned.the

oxr Memoir6 pattern observed at th-^ back of G, wil be a
Y sigle color. l-owev.er. if the concave rmrror is tikted.7 the moiri patterni will conss ,Of padualx' varying,f/ color. Fie. 3 shows an experitne tai result when th

concave mirror is sligehtly tilted. IT was observed That
T15the color ofteMOL :te was -:2duzafN- chan~ed

from red at the lef:. upper corne TO blue at the neht
lower corner.

5. Theoretical restrictions

~ The encoding color is produced by overiapping the
second grating and the sur~ace uiage. Although the
Talbot irnazes of different colors are o)rouced n h

Fig. . (a) Side Prolection of a test surface. (b) Blakand. test surface, the contrast is too low that the coior is
whie pctue o te color.coded irnage of the test srface. difficult to be detected directly. By placing the sec-Fruiges were blue adoraitge in the upper and lower pws ond grating on the image of test surface, a color

re pe ti el .m oiri fringe pa e n having2 largr 1,.rinize distance and

81
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better contrast can be observed. If the second grating. imag3ing the tes: surface onto the second identical
is aligned perfectly with the first grating. the moire gratig. The color is produced correspondingly to the
fringes disappear and a color pattern corresponding to distance between tne test surface and the First' gratinc.
the topogzraphical structure of the test surface wdi be Therefore, the topographical structure of a surface
produced. It is understandable that the finest element carn be encoded in color. Thius method could be useful

V.of the test surface to be encoded equals to the period for machine vision or instant inspec-tion.
of the gratings.

If the system is correctly focused for one object
distance, surface elements somewhat closer or farther Acknowledgement
away may still1 be imaged satisfactorily. This range of
satisfactory imaziniz is called the dep)th of field. By This research is supported by U.S. Air Force Olfice
considerine that the blur circle due to disfocus must of Scientific Research 2rant AFOSRSS-O 140.
be smaller than a grating period. the acceptable depth
of field could be def d [5] as
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COLOR VISUALIZATION OF PHASE OBJECT USING
TALBOT INTERFEROMETER

S. JUTAMULIA. T. W. LIN and F. T. S. YU

MOTS CLES KEY WORDs

Codage couleurs Color codine
Visualisation de la phase Phase visualization
Trattemeni en lumiere blanche White-light processing

Codage en couleurs des objets de phase
par interfiromitrie de Talbot

RESUME On prmsente une methode de codae en coulcurs d'un SUMM1ARY A method ill color %ia.lizxit..,I pli.,se objeci
objet dc phase par les franges de Talbot. Si on &lairc uti reseau based on I albot efleci is presented. ift grainne is illuminated
par un faisceau de lumiere blanche collimate. ]a distance de f'image %% iil a collimated %% hite-Iight. the distance of the Talbot imtee idl
de Talbot variera pour ditferentes couleurh. En plawant u11 reseaU differ for different color. 13% placing an identical grating at a certain
identique a une certaine distance de l'image de Talbot reeite ou distance of negatie or positivie Talbot image. a sinL'le color output
irtuelle. on selectionne une de ces coulcurs. tine representation is extracted. A color sisualization of a -)hase object placcd between

en couleurs d'un objet de phase place entre deux -eseau\ peut tre ixso gratings can be performed b\ a first-order spatial filtering.
atnsi obtenue par filirage spatial. Li teinie iraduit hit derisec pre- The hue is related to the first derisatise of the phase distribution.amicre spatiale de li p ,hase.

1- INv*TRODUC TIO.\ quantitatixe color coding of a phase obiect %%as shown

A phase object can be observed by' using phase recently by Wu and Yu 18). in their me'thod, the color
contrast method [1). The irradiance of the image indcain th1hs itiuint omdb

prouce b phseconrat mthd i dreclymixture of t%%O colors. The hue is dtrectl\ related to
pr- the phase distribution.

portional to the phase distribution of the object. if Temto fclr'iuizto fpaeoic
the phase is small compared to unity [I]. On the other described in this paper is based upon the Talbot
hand. the irradiance of the image produced by the effect [9]. The hue is proportional to the first dertxati~e
Schlieren method [2] or differential shearing interfe- o h hs ittuin h eeatno oo
rence microscopy [3] is. however, proportional to the oirte frinses inhTbt inTerfeeratriong co

first derivative of the phase distribution. The analog\ rtnshsbe one u \LhanadSi

forede by the sinerfrn e o two ces ve r n s eq a n t r tnz ha be n p i ed o % Lc m n nd S ia *
beteentheinerfrene f to wvefons ad te 14. 5. 9. Nevertheless, the color xisuaitzation of phase ;-

effet ladsto he etetio ofphae ojec b~ obiect based on the Talbot effec: has no-, been proposed
using two gratings [4]. The image of the phase object O efre e
to multiple-shearing interference and that can be
reduced to triple-shearing or double-shearing inter-
ference by- the addition of proper spatial filtering [5]. 11. - THEORY

precse nfo maton o ph se arition Ho eve. p esened n a gret aeat. r. rw ~:ertu% J6Thi
The irradiance variation of a single-color fringeI -Spattern mayr be traced by photodetector to provide Theoretical dlescription o'ftnt:- Ta ')., effect hi, been

on ior-codline of phase variation maN give a better section is ;sen ,-% U\ote. . nerr~o
\:sL;d perc eption and fast interpretation for human concen: tor tri ne '......;a, 2\n

irnra%.Gance %aritnon does. The a d,,ant.a 2es The talthot efic i1 C~s 17nvr J' YZ rw n :
.rpccesghave been described in detail of self-imag If Cdrlaic ;.m,7:rae ', ci

t 6* It is indeed an old idea to encode phase mated monocnroma:c i.:. at- r mac o; Ithe 1rairinc
r.II color. as one can look back to the is formed at mulir+- of 'a~ c e, C . hr

c rn .hod 16. -1. Anoinev txample of i iS. the grtn eicanc :, utninmatict 6\ asc-

.1- ~'7V
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length. TI", iiegative images of thc grating are formed The factor exp(iirmn) is due to the half-a-period shift
atte iIlllces :d 2l;, 3 d2ll. 5 d-,';, etc. oG 2 with respect to G,. In the Fourier domain

A Clc'l thor deosrtn hat the Talbot Eq. (5) becomes a convolution of the form
interfero;ileer produces an image proportional to the
derivativc o a phase object has been presented by - =exp(- k 1  c. c.exp(iltm) x
Silva [5] 1 is theory is applied further to study the U(%-, pU ::Z)

color c(1dgn1g of a phase object in this section. The
schematit d diagram of the optical setup is shown in x o% - (n + m)!d, pi) exp[ik(:,[l -(n./d)

2)" +

fiue \*' white-light point source is positioned at + : ;.I l md)2 + p]})] (6)
the fronlo cuIs of an achromatic lens L,. After lens
L, a colimai~ted white-light is produced to illuminate The angular spectrum of the field at the observation
the firsi inonichi grating G,. The second identical plane becomes
gratin- o. -~ separated from G, by a distance (: I + :,). 7

Th obx*dject to be studied is placed at plane P1  -~v P) = N"C m x~itn
somewhc'W between two gratings. The distances of0_
each of I,,, gratings and the object plane P, are :~x ii~,- (n + in),'dp ) x
and :,.,,p'Lctivly. P2 is the spatial filtering plane.
and P' ,,he observation plane. X exp ik-[:, /;? i*m d - Q(nL.'d) 2 (;d

Consid.1 1 a collimated white-light incident on the--
Ronchi iiming G,. Since white-light contains many (7)
wavelenvill'- for each of these wa velengths the field
behind ~i~grating can be expressed as The field at the observation plane is the Fourier trans-

X form of Eq. (7). that is

u (.V'. - exp(- ik:1 ) C. CXP(2 7r UInXAd, 1 +:

cI). c ,1X+

where 1 .,ier series denotes the 2rating G, of periodd X exp f52 ;-i + .- :( + 2 n): j+

the obio 1, thc field just after the object plane = 0-. + (14-r) 8
is

By a certain spatial filtering, only the first order of
i V exp( - Lk:,) C. llCV0 . i) X E'q. (7) is passed through a slit placed at plane P_.

-while other terms are stopped. In other words, we
* . ep(ik I x; . d - :[ I- . d)-'] (2) filter the n - in = I term. Since C., = C', = 0 for even

in and n. all the terms in Eq. (8) vanish except those
where ,i~ iis the two-dimensional object trans- of in =0: ni = I and in = 1. nr 0. By the first-order

mta i unction. Eq. (21 is obtained directly from spatial filiering. the field at the observation plane
Fresncl jillraction integral. For simplicit\. the con- becomes
cept 01 lil lar spectrum is applied. And the angularep( )

Iletr i' Eq. (2) can be \'%ritten as U)N V**i) = (0 Ci 2x 7 1 >.

exp[ - 2 ux - ;Iy)] d%- du . 3) ( .

As th, wn icted Aave of phase object propagates ax pWT 1'

distan, ~ the angular spectrum of the field at the If the first grating is illuminated by a monochromatic
plane p rior to G: can b- expressed as plan-, w\ave, and -the distance of two gratings satisfies

the Talbot distancze that is : :-=2Md- % Eq. (9
then reduces to

St iesi the~ ofgla spctu ofas theec int Iavn iLiine[

C exp P 7 1~t 1 N II~v r instead of irradiance codinc Eq. IQ) could

* V.. " ~- ,~**vv**S
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be applied further for color coding of the first deri- :, .

vative of a phase object by means of white-light illu- the phase difference of u0(x, .) and Uo X + d
ruination.

For the color coding, the second grating G2 is now be denoted by Ao', the relation of . and Ao' is
placed at a distance of the first blue negative Talbot /
image. that is z, + Z2 = d2/;b. b stands for the blue = 1- (14)
wavelength. The blue color output at the observation
plane is then

{ ix It should be noted that the shear :' ,'d varies due to
v(x, y ) = co c exp 2 7 i x different wavelength .. Assume the phase changes

- linearly within the shear :2 Ad The phase difference

× d }] of Uo(X, ) and u + 2-:-+-. y). A4'. can be norma-

lized to the phase difference of uoi(x. Y) and u +(x +
(1I) :, ). .,

.vl.4 AO. by the geometrical relation
Considering the phase object with amplitude of unity, " . b
it is seen that high intensity blue color appears if the:, 2 -b " AO> = '' AO' -(15)

phase difference of uo(x. Y) and u. (x +-- -. , (

equals to zero. Since only the intensity is observed, Substitution of Eq. (14) into Eq. (15) yields
the phase factor can be neglected so that the irradiance

~ at the observation plane will be Ad (-(1= A --6 (16)

t,(x. y) 2 = L0  ,C ,- , - , . + -- '- .)"
If :. is small enough. Ad will be proportional to the

x,e+ r I first derivative of the phase object in the direction
-2d .(1) perpendicular to the grating.

The phase difference U) is determined from the hue
By substituting (:c -:,) = d2 ,, it yields produced at the observation plane as following : deep

.. .. .( 7n rn. 0n buAred 0. 700 nm - red 0. = 630 nm) - yellow
, (A, : = 575 nm ) -- green I .=530 nm ) -- blue (

r(x. Jy) 1 = C5c c  Uo(x.Jy) - 1 I-x - - .) X 480 nm) - violet (. = 400 nm) corresponds to
- 57o - - 430 - - 30o -. - 17, - 0" - 36 o. It is

2 ' i.(13) shown that the %%ell-defined phase information is limit-
x exp < r ed within a range. Outside the range of - 570 <

AO < 36". A6 is represented by a mixture of several

It is aipparent from Eq. (131 that an\ \a~elength for colors which is difficult to be interpreted. In fact. it

wk hich the phase difference is not 2 passes the second is still possible to predict the hue of Ao outside the
available range by using computer analysis. However.grating to some extent. Ho\steler the color with wave- - --

tlenth A "Ill appear as the dominant color at the the use of a computer will lose the simplicity of the
length Amethod. It is obvious that the distance of two gratings
obsevation plane if the phase difference of u ".v. y can be calibrated to gie any color as the background

7'-- is Let color. Accordingl,. a different color code will be
and ,, ,-x. d exp obtained.

i4\

x

* ~ /

/*I LUGHT Ll G, P, G2 L2 P2 L 3  P

-I4:-
"-,- : . , ,I-' -".,"-. ." -z . 2 %, ...- "

70,%, ,. % d ,, ., , p ., , ,. " • . - , r i .
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t ol 111. EXPERIMENTAL DEMONSTRATIONS

The experiment was conducted using the setup
shown in Jigure 1. Two identical glass Ronchi gratings
of period d = 0.23 mm were separated by a distance
+ - I cm. These gratings were precisely

aligned such that no Moire fringes were produced.
As a transparent phase object is inserted between two
gratings. a color pattern corresponding to the first
derivative of the phase object is observable at the
plane P,."

The experimental results are shown in figure 2.
Figure 2a shows the blue background adjusted for

S11 cm. This pure blue background color
is obtained by first-order spatial filtering with a slit.
When a piece of plastic was used as a tested object.
a color pattern was observed as shown in figure 2'b).
The observed colors consist of yellow, green. blue and
violet. This indicates that the shearing phase difference
are within 36o. i.e.. I Ae< 36". A wedge constructed
by two pieces of glass plate filled with water was also
used as a tested object. Since the wedge has a constant
derivative, it should produce only a single color.
However. if the wedge is tilted with respect to the x
axis. the shear a I a varies as :. is changed. Because
the shear varies \vhile the derivative of wedge is
maintained as another constant, different shearing
interference results are obtained for different posi-
tion x. Consequently color bands are produced at the
observation plane. This can be seen in fiure 2 (c).
Two color b,',ds. \ellow and green. \ere observed in
this particular result.

a4 IV. COYCLL'SIO.V

An alternative method for color visualization of a

phase object is presented in this paper. The first deri-
vative of the object transmittance function is encoded
in color. The phase object to be studied is placed bet-
ween two gratings separated by half of a Talbot dis-
tance. By means of a collimated white-light source
and a first-order spatial filtering, the color-coded phase
pattern of the studied object can be generated. This
coior-coded phase pattern is found to be related to
the first derivative of the phase distribution in the
tested object.

It is noted that the present method suffers from the
fact that the visualized phase information is only
definable in a limited range. Nevertheless. it provides
distinct results for phase obiect having small variation
as shown in the experiment. Furthermore. the color-
coded phase pattern gives a better visual perception
for human in real-time.
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An analysis of white-light processing system based on cross-spectral

density function

X. J. Lu and F. T. S. Yu

Electrical Engineering Department

The Pennsylvania State University

University Park, PA 16802

Abstract

An analysis of a white-light optical processing system is presented

based on the cross-spectral density function. A plane-by-plane analysis of

the cross spectral density function is given, including the effects of

source size and grating frequency. The degree of coherence in the Fourier

plane is examined in detail, and an explanation of the fan-shaped

deblurring filter based on this analysis is also given.

1
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I. Introduction

9There has been interest in optical image processing using incoherent

source. In the past decade a number of optical processing systems using a

white-light source have been proposed1 ,2. In a white-light processing

system a prism or a grating is used to disperse the light into rainbow

colors providing a high temporal coherence at certain regions so that

coherent processing becomes possible. The operation carried out in the

white-light system is in fact an approximate coherent operation.

In the conventional approach to analyzing a white-light processing

system, coherent methods are adapted to describe the quasi-complex

amplitude. The system is analyzed for a given wavelength, then the

coherence requirement for a particular optical operation is determined. 3

Recently several studies have been performed using the cross spectral

density function to analyze an incoherent optical system. Sudol and

Thompson4 used the cross spectral density function to explain the Lau

effect, which is generated by two identical gratings in an incoherent

system. The technique was extended by Cartwright5 to analyze an incoherent

optical system.

7n this paper the cross spectral density function Is used to study a

grating-based white light optical system, analyzing plane by plane from the

source to the output. The cross spectral density function is used to

derive the degree of coherence at the pupil (Fourier) plane and to examine

the fan-shaped deblurring filter.
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II. Propagation of Cross Spectral Density 
Function

The cross spectral density function may be thought of as a correlation

between the Fourier components of the light oscillations at two points in a

wavefield. If v(r + Ar,v) and v(+ - A Ar,v') are the fluctuations of

S the optical wavefield at Q1 (r + Y, A) and Q2(4 - Y2 A ) with optical

frequencies v and v', respectively, the cross spectral density function,

W( ,Ar,v) is defined by6

w(r,Ar,v)6(v-.) - <v(r + Y2 Ar',v)v*(r' - Y. Ar,v)> (1)

and

W(r, = f r(',A', )ei2 Vtdt (2)

where r denotes the position vector, the sharp brackets denote ensemble

average, the asterisk superscipt indicates complex conjugate, and

r(r,Ar,T) is the mutual coherence function.

With reference to paraxial approximation, the propagation of the cross

spectral density function from one plane to the other in Fraunhofer region

can be written as

* * e -
W'(r',Ar',v) - 4 f W(r,Ar,v)

where W( ) and W'C ) are the cross spectral functions defined in the first

and the second plane, respectively, Z is the propagation distance, and X is

the wavelength of the light source.
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The white light system to be studied is shown in Fig. 1. The source

3 plane, P, contains the incoherent light source. The input plane, P1 ,

contains the object transparency in contact with a grating. Plane P2 is

the pupil plane where filters may be placed to perform the desired optical

processing operations. Finally, the processed image is obtained at the

output plane, P3.

BFrom Eq. (3), the cross spectral density function propagating from

plane P0 to plane P, would be

W 1 (r1 ,Ar1 ,v) 1 41 7Wo( 'A V

-i -Ar 1 r0+ArO.r)
e dAr dr (4)

a where f is the focal length of all the lenses, L., LI and L2 . For

an incoherent source in plane P with radiance distribution I(r ,v), the

cross spectral density function is assumed to be

Wo(r o'r 'v) = A(v) .1 ( )6( ) , (5)

and the intensity distribution of the source can be written as

i (r ) - r W (v o,v)dv (r ) f A(v)dv (6)
00 00 V 0

0 0

By substituting Eqs. (5) and (6), Eq.(4) becomes

-i2~ -~

W (r 'A ,V) - A (r)e o =r (7)
111 Vrl X) 0 0,(7

(p p) - .Rio
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The overall intensity distribution incident at the input plane, P1 , is

1(r 1 W1 (r 1, A r 1 ,v )d v

0 2 it
1 r *Ar

4f- dy f (r)e 1dr (8)

o CAf) CD

Immediately after the object transparency and grating, the cross

spectral density function can also be written as

WI~,r( 1 v) = t(;1 
+ 1/2 A 1 )t*( 1 - Y, A 1 r)g (r + 1/ Ar)

1 1 2 r1 )W1 (r1 1  ,) 9

where t( ) and gl ( ) represent the complex amplitude transmittances of the

object transparency and the grating, respectively.

Similarly, the cross spectral density function at the pupil plane P2 ,

is found to be
27r

-i 2 (Ar.r *r "r

2'1~ 1 2 2 ~ r4p

cc .- 1 (Ar r ' r *r -4 ..
.,, Ir t(' Lr g( 1 -12A 1  2 1 12r'r

2( f 2,(*2, 1 A.,v e W' ( r;I, )e r 1  (1)i d)
2,

where ~ ~ ~ ~ ~ :, ( dente c2v~~: yS~s~~ ~E . r7 1.t tr 2 c (0

9 + r Ig Ai dL

1 r 1 e r"

A- 2 -W 1f v1 (r'1 Prlv)e ""' 1 dr . (10o)

where d enotes convol-ution.. By Sub;stitu ting Eq. (7) Into the --q. (IC).

W&,- .6 "t01
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r 2 Ar2
W2( 2 . 1 A(v)I )6(A, )*T( t-
2 221 O~ 4  v 2 2 ;Lr

r2 Ar2 )

where

r( Ar*r A A*r 2 1 r dr r

T(-Z, ) - If t( I  r )t*(r* - - Ar)
-C2

(12a)

G( r 2 r- +i 2f (Ar 2. 1+Ar+1. 2 -r

r2 (rArr A )g*(r Ar1 )e dAr d IG(- ,- -- II g ( 1 2 1 1 1 2

~(12b)

L are the correlation function of the aperture t( 1 ) and the grating g1 (rI),
respectively.

At plane P3, the cross spectral density function would be

-i 24 &r r. -. -- r ^ r .r

W 2 )  'f!A(v)( 3 2+ 2 d&r dr3 r3' 31- v 2 ) 2 .

*2r -+ 4 4
cc7- L L r r d

r24 4 0

x r2 ".r2 ) d-' or(r*r5
*

A . Xf 2
x fG(-2,--2-)e or32 Z. dF0 2 (3

Tne first integral may be written as A.(vZ,) where

W' " " * -" . w, " " . " " - % , .- , .% %.'-'.., _,', . %",w'. ,,% . . .. -,p
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S-i 2 *

C(-I (-r2)e 2

Ar
If we let Ar 3  , then C(- -) is a constant Co . The second and third

integrals of Eq. (13) are recognized as the inverse Fourier transforms of

Eqs. (12a) and (12b). By letting Ar = 0 , the cross spectral density3
function can be shown as

4 2 - 2-
W (r ,\J) - C A(v)t (-r )g (-r3 ) . p

3 o33' ' A

The output intensity distribution is therefore,

2F 2

r-) - B t2  
- 2

max

where B = C 0 A(v)dv. It is apparent that tne output antens-ty
V
min ....P

distrib*tion is the image of the otect tran sarency .... t
grating.en v -- '"te ', n

We now examine the -  - .5: ig E:. - -a -

we will assume that the rat'ance :Str: . :c' cf :.e ,

unzform over a circu1ar IsK of tiameter c: -at .E

and that the frecuency factor, AL''., ;s a constant over ..e v:.s: . -

range (\min, V-ax).

-ne grating used in tne c.ea-.. "C .E.e.tn.. a

nusomda., am.ituae grating, a sCs.a.r. ase gr a. r a .P.

grating. aile shows tre. a-._t .. a ns.; .. sn-;:a-e

and the correlatzcn f.nztiz-. .f tr.e tnree zrat-.:7s. ".F.. 'e.-2 -'..

-!-J
- 1,,I
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high diffraction efficiency, we will use the sinusoidal amplitude grating

to simplify the analysis.

The correlation function of the grating, A r2 0 0, is

r 
421-X r2)~ +i 2....)

( 0) - ,r(-, I 1, 2 h16)
G1 ,O) 4 U 4 U f (Af ) (16)

where 1/h is the spatial frequency of the grating. In order to get some

physical insight, consider an object transparency which is a rectangular

aperture, t(rI ) - rect(-)rect(L-). Since the dimensions of the aperture,
x y

Lx and Ly, are much larger than the diameter of the light source, do , from

eq. (12), we have,

r2 Ar2  r2 Ar2

A T( 'f ( ) A'

by substituting Eq. (16) and (17) into Eq. (11), we obtained the fc'owi-.;

result:

"" W ( 2  c ) =- A(v){ (- 2 ..
W• 7

2 2x 4 -
•4 " P n "

Thus, the intensity distr:to: - -"

2 -- _ .. .

2 - - ) -

~ 2 -

'S,,:': < ..- ;' .,,,.-;: , :; ;:? ... -? ...: . . . - .
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Figure 2(a) depicts this intensity distribution. It consists of an

image of the white light source at the origin plus one first-order

distribution which is dispersed in the Y2 direction with respect to

B wavelength.

In reality the first-order distribution does not have a constant width

over the dispersed wavelengths as shown in Fig. 2(a). The diameter of the

light spot increases with wavelength. Two main factors cause this effect.

Axial chromatic abberation of the lens brings light of different

wavelengths to different focal points on the optical axis. Thus if plane

VP2 is the blue focal plane, the red spot will be out of focus and appear

somewhat larger than the blue spot.

The second factor is that the focal surface is spherical with radius f

rather than plane. Again if plane P2 is at the focal point of the blue

spot, the red spot is out of focus and hence somewhat larger. Referring to

the geometry of Fig. 3(a), the two effects give a red spot of diameter
Nh

d - d + EP - ( )2]- 2(a At (20)

where do is the diameter of the blue spot (which is the same as the

diameter of the white light source), D is the diameter of the lens or

the aperture in the input plane, X, is red wavelength, AZ1 is the distance

between red and blue focal planes due to chromatic abberation, and
rA rbfA1 r , and AL is the bandwidth (from red to blue).

2 2 rb
Consider a numeric example where the condenser is a single lens with a

large relative aperture and AZI is a few millimeters. If D/f 1/10, f -

381 mm, r - 5461A, Lrb - 2x10 - m, h - 1/136 m-, d - C.50 , and Li, -

3.0 r.m, then

d. 0.50 mm 0.30 mm C.089 mm - 0.89 rm.

k., P.
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We see that the axial chromatic abberation is an important factor in

providing the coma-like distribution. In our example the effect of the

spherical field departure is somewhat smaller but would become significant

Iif a higher frequency grating is used. The intensity distribution derived

from Eq. (19) and Eq. (20) is shown in Fig. 2(b) in a 3-D computer graphics

plot.

We now examine the bandwidth of optical wavelengths at any point in

the first-order diffracted distribution. Suppose there are two

distinguishable circular distributions I (o,-y 2  ---) and I (o ,-y2  2

with the same diameter do but different optical frequencies v, and v2 .

F=

Referring to Fig. 3(b) the circles intersect at (x2f)and (-x L). One
29 9

can have

h 2 2A) - X2 - X -- Id o -
14x2 (1

AX X2 X f o x 2 (21)

where AX is the bandwidth of light incident at the points (x -) and
2Ph

(-x At the point (0, - f ) the bandwidth is
2 h

AX d (22)
S0

Thus the bandwidth is proportional to the diameter of the light source and

inversely proportional to the grating frequency and the focal length of the

lens. We note that, the bandwidth decreases as it move away from the Y2

axis.

A auasi-monochromatic light source is obt-alned by ;Iacing z pin hole

of diameter di in the first-order -.:ffraction :ntensitv " itbuo. at

- *.. " --'~ * ~~ S ~
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point (o,L). The bandwidth of this secondary source isa h

AX = (d o + d1) (23)

We stress that, Eq. (23) corrects the corresponding equation in an earlier

h
publication in which AX - y d, was used.

The diameters of both the primary source and the pin hole affect the

bandwidth of the secondary source. As a numeric example consider f - 380

mm, h = mm, do = 0.5 mm, and d, = 0.5 mm. At any point on the Y2

axis the inherent bandwidth (due to the primary source) is about 100A.

Over the secondary source pin hole, however, the bandwidth is about 200A.

III. Coherence at the Fourier Plane

We now examine the complex degree of coherence in the first-order

diffraction in the Fourier plane, P2. The complex degree of spectral

coherence is the normalized cross spectral density function and is defined

as

w(,L,v)V(r,Lr,v) =(24)
[W(r + I ,o,V)W(r - V A,o,V)'

and the complex degree of coherence is defined by

Y(r,A r,) - (25)

[i '4 A)I(r - 22 Ar)1

where I(r') is the intensity at r', given by

4CID

(r' ) l r(r',oo) = f W(r'l,o,v)dvo0

4,w. .. t
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Since the light is separated into its 
component frequencies at the

plane P2 , for a small area (Ax, Ay) around a point (X2 - 0, Y2-h

and Av is small compared to the mid-band frequency, ;, that is A; << V.

I If W(r,Ar, v) is assumed to be constant over the bandwidth, then Eq. (25)

becomes

Y(,A',T) - U(r,Ar,v)e i2 vr rsinc(TAV), (26)

where the magnitude of the complex degree of coherence, j Y(r,Ar,T) j , gives

the visibility of interference fringes at some point Q3 in P3 plane, due

light traveling from points Q (rI V2 Ar) and Q (r2- V2 Ar) at P2 , where T is

the difference in travel times. From the sinc(TAV) envelope in Eq. (26) we

see that visibility fringes can be observed only if T < 1

Av

Yu et a19 recently proposed a two-beam interference technique to

measure the degree of coherence in the Fourier plane of a white light

processor. A slit of with ds is placed in the P1 plane in contact with

and oriented perpendicular to the grating. The amplitude transmittance of

the slit is t(r1 rect( d )rect( L where d. << Ly. Then

s y

r2 "r2 6(' Y2 -2 x Ax n Lx
rT( x Ax

T(X-fT-) " f 2' 2 "2

(27)

For the grating we consider only the first order diffracted term at Y2 - -

and x2 - 0; i.e.,

2 2 '2 '2 2 (8
A.I

,. (28)•I A. A. A A

%%
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The cross spectral density function (for the circular disk source) can be

evaluated from Eq. (11), i.e.,

2 2
U _ _-

I 2Vx§ + (y2 h~

W2 ( 2, Ar2,v) L 1 ( circ( )6(AYW2 ,A20 16 d5 A d)0 d

d Ax d Ax2
* Sinc(-(x inc((x- -- )) (29)

Af 2 2 Af 2 2

For Ar 2 - 0, it reduces to

W2 2~ +ov = V (y -* )2  2dS A(v)I circ( d2 h )*[S1nc(x2)] 2 (30)

We now analyse the complex degree of coherence around a given wavelength,

Xo, between two points that are symmetric about the Y2 axis at
Af

y -.oo Eq. (29) and (30) can be rewritten as
2 h

d0
12 d 2-

W2(x2o'v 6) = A(vo)Is f [Sin( 2 d (31)

d0

2and

2( 2' rect( )*LSinc(--x2)2 . (32)
0 0

Notice that W2 (x2 ,o,vo) is symetric about the Y2 axis, i.e. W2(x2 ,O,vo) -

W2 (-x2 ,O,vo). The complex degree of spectral coherence at symmetric points

with respect to x2  0 0, y2  is (from E"q. (24)

22
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rArV 0) 2- 0 0( ; y ) I0

x2 . 0 ; 2

d 0
d d

Sinc(Asf( - x2 ))Sinc(sf(E + x2))d&

d00 0
2 (33)

2 d

f[Sino( Af (x 2 { ]d0

2

2P d 2oA f A f

where the two symmetric points are (x2 ,-~--) and

Since the light is separated into narrowband frequencies in the

first-order diffraction region at P2 plane, Eqs. (26) (33) would be used to

get the complex degree of coherence at the symmetric points: i.e.
~-i2wv 'r

-(x 2,_x2P 0 -,x 2 ,x 2 ,Vo)e o Sinc(Trv) . (34)

It is apparent from Eq. (34) that .' and Y are functions of the source size

do, and the width, ds, of the slit in the PI plane. The factor

J'(x2,-x2,v o ) of Eq. (34) represents the spatial coherence between the two

symmetric points, while the sinc( Av) factor represents the temporal

coherence. The main range of P'(x 2 ,-x2,vo ) can be defined, from Eq. (33),

as

Lx 2 - 2x 2  - (35)
s

This is in fact the width of the intensity distribution from Eq. (32) when

X f

d << . The frequency bandwidth Av of Eq. (34) corresponds to the

s h d
0

bandwidth of -c. (22) and is given by Av ---- c, w"ere c is

the velocity of light propgatin.
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Now consider the interference in the P3 plane of light from the two

points (x2,--) and (-x 20 ,- ) in the P2 plane. The visibility of
20 h2

fringes produced is equal to l Y(x20 ,-x20 -t)l, where r is the time

difference for light traveling to the observation point (x30 ,O) in the P3

plane. Referring to Fig. 4, we see that

2 2x20 x30 2x20 x30 (36)

cf/1+(x2 0/f)
2  cf

and the fringe visibility is

P V'(x2,-x2, V)sinc(A 02 d x (37)
( Af)2 A 30

0~

where d = 2x is the separation between the two points (x2,-) and
A 20' 20' h

X 0f~(-x 20o -h-.

In the interference experiment carried out by Yu et a:9, a pair of P

slanted slits is placed in the P2 plane symmetrically about the Y2 axis to

produce an interference pattern in plane P For a given y C -, the
3 *2 n

pair of points in the two slits corresponds to the wavelength A0 . In order

for all pairs of points at different wavelengths to produce interference

fringes with the same period and intensity, the angle of inclination of the

slits should be

h d

E ta-n (38)

-44
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where d is the mean separation of the slits at the mean wavelength, Ao"o0

Eq. (38) agrees with the corresponding equation given in a previous paper9.

However, in the experiment a larger angle was used to accommodate the

I increase in spot size as given in Eq. (20). A more detail explanation

of the inclination angle will be given in the next section.

On the other hand, suppose that the slit in the P1 plane is placed

parallel to the grating rulings. In this case the amplitude transmittance

of the slit is t'(r) - rect(-)rect(-) , where d << L . Following a
x d p p x

procedure similar to that used to develop Eq. (33), the complex degree of

spectral coherence can be shown as,

d
0

2d o y do

0 f 2 yf 2

_o ' o Y2 2
h z' h 2 ' d

0

2 2 2f[Sine(X-- f(- - -2 )3g
d 0

(39)

and the degree of coherence (i.e., the visibility) is

yf LY 2 'A 0 f iY 2 )Sinc(T'Lv) (40)7 'h h 2'v

where

y2y30  Y2Y30
-, A - I3 (14')

h

By substituting Eq. (41) into Eq. (40) and considering

".* hc (do
.A he (do , we get

.r

%1

-' . . .****,;****, ,' :, . ****.' .. .*... < ' , -- , ., *"; .. , - . -~ *fb 'f ,.; .. '.::.:>?; ,: N-' .b.: , %', .. ,'t
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A
f  by 2  

f  by2  hAY 2(do+Ay 2 )
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S 2 0 f v ' )Sine( h~ 2 ~ y 142

h 2' h 2 0 (  )2 30 (42)

U Now if a pair of parallel slits is placed parallel to the x2 axis and

Afo
centered at y2  - a set of fringes can be observed in plane P3. These

fringes will be perpendicular to those formed by the system with the slit

perpendicular to the grating in the PI plane and the pair of slanted slits

in the P2 plane.

Fig. 5 and Fig. 6 show some numerical results obtained from Eqs. (37)

and Eq. (42) respectively. Fig. 5 shows the degree of coherence as

a function of the mean slit separation d for various values of source°0
size. The degree of coherence is averaged over x3 - 0.5, 1.0, 1.5, 2.0,

and 2.5, for the comparison with the results obtained experimentally.

Since the period of the fringes is large (for example of dX - 0.6 mm, the
0

period is 0.69 mm), the visibility measured is in fact an average value.

Comparing the theoretical analysis in Fig. 5 with the experimental

results given in Fig. 5 of the previous paper 9 , the common

features are: I Y I decreases as d increases and some of the zeros of
0

YI j move toward the origin as do becomes larger. The major differences

between the theoretical and experimental results are: (1) the first zero of

the theoretical curve (d, 0.52 mm) is at a smaller mean slit separation
0

than that of the experimental curve (d, - 1.5 mm); (2) for large d the
0 0

theoretical value of 1-Iis less than the experimental value (for example

0.27 versus about 0.4 for d 2.05 mm with d s 0.6 mm and d 0-C. 4 );

00

and e3 th thortia cuv haoezr o~s

!-0- J OL*%a
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It is considered a possibility that if more observations are taken,

the experimental curves would have more zero points and would more closely

match the theoretical curves. Another factor which may account for the

difference is the assumption that the source is separable into luminance

and frequency factors and has uniform luminance over a circular disk. In

fact a square source was utilized in the experiment.

A, The degree of coherence for the system with parallel slits is shown in

Fig. 6 as a function of slit separation for various source sizes. Its

value is significant only in the main lobe of the curve.

Jw

I

Vo

hr
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IV. Fan-Shaped Deblurring Filter

In this section we present an analysis of the smear deblurring method

using a fan-shaped filter with a white light system as proposed and

performed by Chao et al 0 .

It is well known that the point spread function of a linear blur

process is a line segment. In a white light system, however, the smear

point spread function can be regarded as a set of single point spread

functions acting like a grating with amplitude transmittance function

x 1
h(x11y) rect(-)g(y ) (13)

a 1

where a is the smear length and g(yl) represents a sinusoidal amplitude

grating. The corresponding transfer function is

H(Y L')f - B6(y )Sinc(-.- x )*:6(x2,Y2) + I 6(x2Y- h-)
Af4 2f2 22 2 20'2h

+ 62 (44)2 6(x2 'Y2  ~ .

2f n

pConsidering only the first-order-diffracted term at y2 = - we get

B ,.

x2)- BSnc(-7 x2)(L)
Y2

where B is a proportionality constant. Notice that the width of F' is

given by Lx 2 L and is proportional to the wavelength. Thus over a
2 a

range of wavelengths the filter takes a fan shape.

.o get the cross spectral densitv f nction the correatC' '=nct -ons

. .. of rectk-) an (v are expresse-- as

°;.

j%
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(r2 Ar2  26Y 2 Ay 2  Ax2 )1

- ~-~,---Sin -(x -))Sinc(a (x t'
AfA f. fA. 4 2 2 A 2 2

and

a2 r 2  2 x 2  Y 2 1 Y 2 )

r' '~Af -)f n6' f (46)

Following the same procedure as from Eq. (27) to Eq. (32) the cross

spectral density function is

Wn(2 ,o,vo ) - a2A(v ) s rect( )*[Sinc( f x2 (47)

0~ 0Ca.

0 0

Since the function rect(-) can be regarded as a 6 function for d << -"

d 0 a2

the comparison of Eq. (47) with Eq. (45) yields

Wh a LH'] 2  (48) ,-.

Fig. 7 shows Wh as a function of x2 calculated using Eq. (48) for a

given value of a and various values of source size do. A curve of

[sinc(- xa )2 is also shown for comparison. 7he difference between the

(sinc) and the convoltion curves .s less than 'O% if

Given a smear length a = .5 rmn and , = 5 .-., the corresoonding source

size depends on f, for exam;le, f=38 mmn, to - C.28=n and f=IC 3 mm

do < C. 73 M -,.

'f the 1 error is acce.tatle for a deblurring process, then the

diameter of the wite light source should be

* 0.
4 -< , 9a

T. a

.hen n '-4''..' -" /. ...
., e . . . . .. . .... enter =. ," - .= -- .n -
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plane can be used for deblurring at the wavelength AO . Over the range of

visible wavelengths a fan type filter is implemented. Substituting

X f

d . 2 into Eq. (40) the angle of inclination is

0A a

e - tan- (h/a) . (50)

However, this expression must be modified to account for the increase in

spot size due to axial chromatic abberation and the spherical focal surface.

Applying Eq. (20) we get

el - tan - (- + Ad (51)
a Af))

where

D X r.2 X r_ ]A+

A X 1 2 (52)

From the numerical example of Section II, we obtain 6 = 35' and 6' - 30 .

Thus h/a<< Ad A- and the angle of inclination is determined mainly by

the parameters of the white light system (the axial chromatic abberation in

this example) and not the smear length a.

I'. .". . . . "-' "w.." , "' ,'. € . . ,'.,'. ,' - . - . * -4. -.- ' .
-
. -. -..
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V. Conclusion

The cross spectral density function has been used to analyze a

white-light optical processing system with a grating in the input plane.

The propagation of the cross spectral density function from the source

plane to the output plane was examined in detail and used to derive the

complex degree of coherence and intensity distribution under certain

assumptions about the white light source. A theoretical explanation of the

fan-shaped filter for deblurring a color smeared object has also been

presented. Good agreement between the theoretical and experimental results

indicates that the cross spectral density function is a useful tool in the

study of interference phenomena in a white-light system.

We acknowledge the support of the U.S. Air Force Office of Scientific

Research grant AFOSR-83-1040.I
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Figure Captions

Fig. 1. White-light optical processing system.

FAg. 2. (a) One of the first order intensity distributions in the pupilUplane. (b) Computer-calculated 3-D graphics representing
corrected distribution of (a).

Fig. 3. (a) Chromatic aberration at the first order intensity distribution
in the pupil plane P2.

(b) Overlapping of two first order diffracted color spots.

Fig. 4. Schematic diagram showing the path difference in the interference
of a pair of slanted slits.

Fig. 5. Degree of coherence 1-Y lin x2 direction as a function of mean slit
separation d for various values of source size d .o o

Fig. 6. Degree of coherence 1 lin Y2 direction as a function of
parallel slit separation d for various values of source size d

Fig. 7. Convolution factor of the cross-spectral density function shown in
Eq. (68) for various source sizes do and an additional curve

a 2of [Sinc(f x 2)] for comparison.
0
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Color Image Processing with CGH Filters in a

White Light Optical System

'.1w
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Abstract

Computer simulation and experimental results

lof computer-generated holora (CG) spatia filters -

~~applied to the deblurring of color images in a

U,%

V.., 'V . "V-V ~ Zi~2k~~' .. C*
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dispersed white light optical processor are presented.

Significant performance can be achieved with moderate

resolution images and I-D processing operations. Color

smear and multi-band filter/signal spectrum size

mismatch limit applications involving large space-band-

width images and/or 2-D processing operations with the

dispersed system configuration. The flexibility of the

KCGH spatial filter fabrication technique, combined with

the added processing dimension of wavelength and the

inherent ability to reduce coherent artifact noise,

make this processing scheme attractive for many image

processing applications.

Introduction

Color image processing with Fourier plane

spatial filters in a dispersed white light optical

system' has been demonstrated to have the advantages of

reduced coherent artifact noise, reduced cost, and

relaxed conditions for the processing environment when

compared to strictly coherent systems. The added %

dimension of wavelength may provide a more "natural"

.% X: *e,"- Z?
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to

display of output images for human observation or it

may provide added flexibility for the discrimination

of objects in pattern recognition systems. The white

light system 2 utilizes a set of band-by-band spatial

frequency filters to process quasi-2-D spectra and

has been applied to complex color signal detection,

smeared color image deblurring, color image

subtraction, and spatial frequency and density pseudo-

color encoding.

Applications requiring the realization of

complex functions in the spatial filters present two

major difficulties for the dispersed white light

U processing scheme. First, the complex processing

operations require a significant degree of coherence 4

to be maintained in the system, which is difficult to

achieve while still maintaining sufficient light

energy for processing. This problem has been

partially overcome for some processing applications

through the clever use of source encoding techniques.

Second, the patterns contained in the complex spatial

filter bands must be matched in scale to their

corresponding wavelength bands of the dispersed

Fourier spectra. Interferometric recording and thin

!p

OP
Af 

P%
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film deposition3 have both been used to fabricate

these complex spatial filters, but are

considered too time-consuming or too costly for most

applications. An alternative, which is the subject

of this paper, utilizes the maturing computer-

generated hologram (CGH) technology4-7 for the

fabrication of the complex multi-band filters. 8

We will present analysis of the

characteristics exhibited by the CGH filters, which

are unique to the dispersed white light processor.

The range of wavelengths processed by each filter

band has the most significant effect on 1-D

processing performance, while similar effects can

be expected for 2-D processing operations as well.

The effects on processing performance due to color

smearing are similar to those produced by white

light illumination of conventional holograms, but

can be substantially reduced by minimizing the

spatial width of each filter band. Computer

simulation and experimental results, using the

processing example of linearly smeared color image

deblurring, demonstrate the processing performance

achievable with the proposed CGH multi-band filter

)NIPm
0?=
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3 concept. The feasibility of using phase-only -

AC) CGH filters 9 in the white light processor is also

demonstrated. At the same time, limitations of

the technique become apparent when applied to the

processing of color images having substantial

baseband energy along the dispersion axis.

N

.i.p

,'S

". %c q '



216

5 Mathematical Formulation

The color image processor using computer-generated

spatial filters is based on the dispersed white light

optical processor discussed in previous papers. I-3

The optical arrangement for the system is depicted in

Fig. 1. A collimated beam of white light is produced

from an arc lamp source through a pinhole spatial
filter. The color image to be processed, usually in

the form of a color transparency, having transmittance

s(x,y;), is placed in contact with a diffraction

grating having transmittance tq(x) in plane Pl.

Ideally, the grating must have both high and uniform

diffraction efficiency throughout the range of

wavelengths to be processed. The combined transmittance

at the input plane is
V.

S(XY)tg(x) = S(x,y)[l + cospox], (1)

where po is the angular spatial frequency of the

grating and it is understood that the input color

image transmittance depends on wavelength. The

signal spectrum is assumed bandlimited according to
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the description

ffs(X,y)exp(-i(px+qy)Jdxdy for IPI<Pmax

S~p~) -and I q I qmax

0 otherwise.

(2)

Akn achromatic transform lens, Li, placed one

focal length behind the input plane produces the two

dimensional Fourier transform at the spatial

frequency plane P2. The complex light distribution

* at P2 is described by

E(p,q) -Clfffs(x,y)(l + cospoxlexp[-i(px+qy)Jdxdydi,

(3) %

%5

where the integration is performed over the input

4 spatial domain and the spectral band of the light

source, (p,q) represents the angular spatial frequency

coordinate system, and C1 is a complex constant.

The color spectra in the first order

diffraction term of the spatial .'requen-cy plane are
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II
dispersed so that they may be operated upon by a

multi-band spatial filter. In general, the band-by

band filter can be described by

H(p,q) - C z Hj(q)rect[q/(2qjmax)rect[(p-pj)/2(Apj)] ,

j=l (4a)

and

Hj(q) = IHj(q)Iexp(i.j(q)], (4b)

where the first factor, Hj(q) in the summation represents

5 the complex spatial filter for one-dimensional processing

in the jth wavelength band; the second factor represents

the spatial frequency window over which the jth filter

p. operates, with qjmax equal to the maximum angular

spatial frequency along the processing direction

passed through the jth filter band; the third factor

represents the extent, [2(tpj)], of the jth filter

band along the dispersion axis, where pj is the angular

spatial frequency corresponding to the jth band

center wavelength, Aj.

The light dis- ibution immediately behind the

spatial frequency plane can be described as the product

.1
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of the signal spectrum and the spatial filter

transmittance or

E2(p,q) - C 1zfis(x,y)[l+cospoxlexp[-i(px+qy)ldxdyd}

N i

X I z Hj(q)rect[q/2qjmaxlrect[(p-pj)/2(apj)l.

j=l

(5)

A second achromatic transform lens, L2 , produces the

Fourier transform of the filtered spectrum at the output

image plane, P3 , and is given by

E(x,y) - K1 III E2 (p,q)exp[-i(px+qy)]dpdqdx, (6)

where Kl is a complex constant; the integration is over the p

spatial frequency plane and the spectral band of the light

source; the dependence of the output image light

distribution on x is understood and the symbolic

representation is left out for brevity.

In this paper we will assume that the multi-band

filter is a computer generated hologram filter, which

6P

.0•b
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realizes a desired complex filter function, by way of the

detour-phase effect, in the first order diffraction term

O of the output plane. The grating-like CGH filter

transmittance within a single band, can be described as

H(oe) - zz IH(md,nd)lrect(a-md/amn]rect[e-nd-Pmn/bmn),

mn

(7)

where, for the mnth rectangular sample cell, amn is

the height along the a-direction, bmn is the width

along the e-direction, d is the spatial sampling

period, H(md,nd) is the sampled filter function value,

and Pmn is the shift proportional to the sampled

pphase term, o(mdnd); (a,e) represent the

spatial coordinates corresponding to the spatial

frequency plane, where a = (xf/2v)p and a = (Af/2m)q.

Since the desired output image appears in the

neighborhood of the first order diffraction term, in

order to avoid aliasing, the criterion for choosing

the value of d for a given wavelength is

, ..

-
.

,p*
4

p
4
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d/xf < i/W, (8)

where W is the width of the output image and f is the

focal length of the second transform lens.

More thorough analyses of CGH spatial filters

in monochromatic optical systems are presented by

other authors.4-7 ,9 Here we will concentrate on the

requirements for and the effects due to the

application of CGH filters to the dispersed white

light processor. For simplicity, we will consider

I-D processing operations and, initially, input

W images having zero spatial frequency content

along the dispersion, (p), axis. This case produces a

Fourier transform in plane P2 which is vanishingly narrow

q along the p-direction for a single wavelength.

I-D Processing

In order to produce overlapping color

output images for the entire range of processing ,!

wavelengths, the value of d should be inversely

proportional to the wavelength at each value of

Q. In the multi-band filtering scheme, the

U.
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filter function and the value of d are constant

as a function of a, within each band. This

constraint models the realistic limitations of

filter generation techniques. For each band in the

filter, a continuous range of wavelength-scaled

signal spectra are passed, causing corresponding

filter/signal spectrum size mismatch.

Two different effects emerge from this

mismatch when the multi-band filter is realized by

CGH techniques. First, and most obvious, is that

U incorrect values of amplitude and phase may be

imparted at most spatial frequency values where the

signal spectrum wavelength differs from the design

wavelength of the filter band. This problem may be

less severe for filter functions which change slowly

along the processing axis. The effect on processing

performance depends strongly on the characteristics

of the filter function, but, in general, the effect

Wis most severe at higher spatial frequencies. Results

of computer simulations of this effect for the linear

deblurring operation will be presented later.

,. .-. .., -.-.-. ... - -. . . .. . . .- -.--- .-.-- ----. .. .. .. . .--... .- .....-.... -...... .- -.-.
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The second effect caused by the size mismatch

is color smear due to the dispersion of the multi-

colored diffracted output images coming from a single

filter band. The smear is also present with multi-band

filters generated using interferometric techniques and

is similar to the effect produced by illuminating a

conventional hologram with a white light source. In

general, the spectral bandwidth, bxj(j=l,2,3,...,N),

Oof the jth filter band must satisfy the condition

0 < ZAj < (Imax - -min), (9)

j=l

where N is the total number of discrete filter bands and

"min and xmax are the minimum and maximum wavelengths

to be processed in the system.

Consider one extreme case where

N

Zj = ( max - min), (10)

j~l

which implies that the jth and (j+l)th filter bands

.5%.!
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are adjacent with no "blank" space between them. All

the light energy present in the first order term,

within the spatial frequency range of the filter, is

processed. However, this case also allows the greatest

amount of color smear in the output image.

A general expression for the smearing length

in the output due to the jth filter band is given by
a,,

1 j = AXjf/d(11)

5 where f is the focal length of the second transform

lens and di is the CGH sampling period within the

jth filter band, centered at wavelength xj.

Equations (8) and (11) indicate the tradeoff that

exists between the smearing length and the maximum

spatial extent of the output image along the

processing axis. A wider output image requires

" a smaller CGH filter sampling period to avoid

aliasing, but the smaller sampling period produces

a longer smearing length. Rapidly varying filter

functions also require a smaller sampling period

to provide accurate sampling, but again causing

a longer smearing length.

.%,
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J

I,

In the second extreme case, for which Lxj 0, the

smearing length approaches zero by using extremely

narrow filter bands, spaced relatively far apart.

S.|

However, this scheme wastes processing light energy I
and requires very high resolution in the CGH filter

fabrication technique.

Two other effects on processing performance

were found to be quite significant and will be

analyzed here. Of the various misalignment problems

g normally encountered with the multi-band CGH filter

scheme, the most annoying is rotational misalignment

of the filter in the spatial frequency plane. The

poutlines of the dispersed signal spectra and a
rotationally misaligned multi-band CGH filter are

shown in Fig. 2(a) with an enlarged view in Fig. 2(b).

The pivot of rotation is chosen at the spatial center
.

of the filter, (ae) = (Cp,O), and the angle of

rotation, e, with respect to the processing axis, e.

The signal spectrum, S(a,p), passes through a

rotated CGH filter producing a light distribution

given by

!*1%

4%
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F(a,8) = S(o.B)H(c'.B') (12)

where (W',o') represent the filter coordinate sytem

centered at (a,e) - (ap,O) and rotated counter-

clockwise through an angle e.

Consider first, the filter band centered at the

pivot point as shown in Fig. 2(b). Since the grating-

like structure of the CGH filter has been rotated from

the signal spectrum processing axis, the resulting

M image in the first order output diffraction term will

be centered along an axis, y', which is rotated by

angle e from y. Assuming that for each wavelength,

the signal spectrum has energy only along the

processing axis, some of the higher spatial frequency

information may pass through one or more filter bands

other than the corresponding design wavelength band.

For design wavelength, ii, spectrum energy will pass

through the ith filter band up to a value of e given

by

Iril = ai'/sine, (13)
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where Aai' is the halfwidth of the ith filter band.

The remaining ith spectrum energy will pass through

the (i+1,2,...)th filter bands, causing another type

of smearing in the output image, due to the different

cell periods in different filter bands. This discrete

type of smearing due to filter-Sotation increases as

the value of e increases and as the difference between

spectrum wavelength and filter band design wavelength,

xi, increases.

A second effect caused by rotational filter

i misalignment is the mismatch between the filter

function and the signal spectrum. The phase change

imparted by the CGH filter is independent of the

actual cell period, provided the period is uniform

throughout the filter (band). In those regions of

Sthe ith signal spectrum which pass through the

(i+l,2,...)th filter bands, the cell period uniformity

is disturbed, causing phase distortion in the output

image.

In filter bands away from the pivot point,

the lateral shift due to filter rotation is civen

I.°
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I

Aby

Auk - (Ok-ap)(1-cose) (14)(a)

Aek - (ak-up)sine, (14)(b)

where Ok is the location along the a-axis of the

properly aligned kth filter band center and up is the

location along the a-axis of the pivot point. For

small values of e, the additional color smear due to

this lateral shift may be insignificant compared to

the error caused by filter/signal spectrum lateral

a mismatch along the processing axis.

2-D Processing

The final section of analysis will deal with

the more physically realistic case of 2-D signal

spectra, i.e., spectra containing baseband energy

along the dispersion axis, p, as well as the processing

axis, q. Previous analysis of the dispersed white

light processor assumed that the width of each filter

band was equal to the spatial frequency extent of the

signal spectrum having the same wavelength as the

filter band design wavelength. The present discussion

"'' J
0* '
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U
extends that analysis to account for signal spectra

having spatial frequency content along the dispersion

axis that "spills over" into more than one filter

band.

Consider the 2-D spectrum with wavelength,

i'=(xi+A), horizontally centered within the ith filter

band, Hi, as shown in Fig. 3. The range of signal

spectrum angular spatial frequencies passing through Hi

is given by

j APih bPi - APi'

- (l-b/AXi)Api (15)(a)

SpPil bPi +APi'

= (l +/AXi)bpi, (15)(b)

where APi is the angular spatial frequency halfwidth

of the ith filter band, aPi' is the spatial frequency

displacement from the center of the ith filter band

of the spectrum having wavelength xi', and ai is

the wavelength halfwidth of the ith filter band.

Restating, LPih is the range of spatial frequencies

%Jk
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passing through the ith band on the large p side

and apil is the range on the small p side.

Two significant causes of error arise from

the xi' signal spectrum energy that extends beyond

the ith filter band and into the (i+l,2,...)th bands:

(1) the difference in CGH filter cell period for

different filter bands, and (2) the filter/signal

spectrum band size mismatch outside the ith filter

band. The first error results in a smearing effect

acting upon the higher spatial frequencies for a

given wavelength. This smear is different than that

discussed earlier in that the high spatial frequency

information is smeared along the y output axis with

respect to the low spatial frequency information for

a single wavelength. An expression for the high

frequency smearing length in the output image is

given approximately by

Alhf = xif [2Api/podi], (16)

where di is the ith band CGH filter cell period and

2 &Pi is the difference between the maximum and minimum spatial

frequencies of the ith baseband spectrum.

*% q *".S
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p

The second source of error, filter/signal

spectrum size mismatch, produces an effect similar

to the size mismatch discussed earlier for the 1-D

spectra case. Although the effect on performance

is strongly dependent on the characteristics of the NI

filter and signal spectrum functions, the degradation

is certainly more severe for higher spatial

frequencies. The performance of the dispersed white

light processor when operating on color images having

2-D baseband spectra is probably the most significant

limitation of the processing scheme. Quality is

improved by increasing the value of P0, the frequency

of the input plane diffraction grating. But this

possible solution is limited by the quality of

available optical components and abberations in the

system.12

';-
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Computer Simulation and Experimental Results

VAn extensive computer program was written to

simulate the processing performance of the multi-band

CGH filters in a dispersed white light optical system.

The results presented here use the processing

example of linearly smeared color image deblurring,

although little modification is needed to

incorporate any operator selected I-D processing

operation. The simulator utilizes commercially

available FFT subroutines to compute the Fourier

transform of a linearly smeared color input image for

a large number of wavelength values. The program

simulates the operation of the CGH filter by sampling

the product of the CGH filter band transmittance and

the dispersed signal spectra, inverse Fourier

transforming, and incoherently summing the multi-colored

output images. A I-D slice of the output image was

considered, in order to conserve computer time.

The concept of linearly smeared image deblurring

has been discussed by others1 0 ,ll Lnd will only be

ro

w$u.f / v .. ,*'.*+..-. *;... .. ,,.. . . .
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Psummarized here. The spectrum of a point image that

has been linearly smeared over a distance ay is

described in one dimension by

G(q) - aysin(qay/2)/(qzy/2). (17)

The corresponding inverse spatial filter is

proportional to l/G(q) or

H(q) - qay/2/[sin(qay/2)]. (18)

Since this function contains infinite poles, it

cannot be physically realized, although an approximate

realization, with some degree of restoration error, is

possible. The approximation to Eqn. (18) used

throughout the remainder of this work results from

clipping the large magnitude values to a normalized

maximum value, computed from the product of the

number of magnitude quantization levels and the

minimum magnitude of the filter function , H(o).

Initially, a large set of parameters (e.g.,

filter band spectral bandwidth, amplitude quantization,

cell duty cycle, lateral filter translation, etc.)
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describing the CGH filters were varied to produce many

simulation results. We found, though, that two

parameters were most significant. First, the

spectral bandwidth of a given filter band had the

greatest effect on performance of the CGH filter

system. The curves in Fig. 4(a) depict the output

irradiance versus output spatial coordinate

near the first order diffraction,

resulting from a CGH filter band with 64 amplitude

quantization levels (i.e., 6 bits) and designed for an

input image blur length of 0.5 mm. As the spectral

bandwidth of the filter band grows from 0 nm to 10 nm,

the width of the deblurred first order image increases

as well, though it still remains a fraction of the

input blur length.

The second significant CGH filter parameter

was found to be amplitude quantization. A

surprisingly good result is shown in Fig. 4(b), for

which phase-only CGH filters were used for the

deblurring operation. Significant deblurring of the

color input image is achieved, for values of filter

band spectral bandwidth up to 20 nanometers.

Interpreting these simulation results in terms of

.a

-. * "'a ~ ., ' .v. 'a '-" .V" - ... *. -.. .... * **, • •

- - m t • . 5 [ .:, ,,.. , e e. ,,,..,." , , ' .. ... . ."* ,." 
-'.

...." '" ... . ,-.,. , e < , . . . . * .,a ,.



235

CGH filter geometry, we could predict significant

deblurring performance for a phase-only CGH filter

having as few as 20 filter bands, with uniform spectral

width, covering the visible wavelength range from

400nm to 700nm. These results for the multi-band

" phase-only filters applied in the dispersed white

light processor enhance the results of others
9

who have shown good processing performance achieved

with phase-only filters in monochromatic optical
tT

processors.

Figures 5(a) and 5(b) summarize the performance

of the simulated multi-band CGH filter system for

phase-only, as well as 8 and 64 amplitude quantization

levels over the range of filter band spectral bandwidth

from 0 to 50 nm. The plotted measure of performance

is (input blur width)/(deblurred 3dB width) for the

V, curves in Fig. 5(a), which indicate that excellent

deblurring performance (factor of 5) can be achieved

with a moderate number (>8) of filter amplitude

quantization levels, up to 10 nm spectral bandwidths,

or with phase-only filtering up to 5 nm bandwidths.

Significant deblurring (factor of 2) can still be

A achieved with any value of amplitude quantization

No>
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for filter bands covering 15-20 nm.

In Fig. 5(b), the plotted measure of

performance is (total irradiance contained within the

deblurred 3dB points)/(total irradiance within the

first order output term). Although the shape of

these curves would, in general, depend on the exact

., processing operation, for linear deblurring, the

ability of the processor to collect light energy

into the deblurred 3dB region tends to increase

with few quantization levels as the filter bandwidth

increases, while it decreases slightly for many

quantization levels. Within the filter band spectral

bandwidth of interest, at least 60% of the total

first order output irradiance is within the deblurred

3dB points for non-phase-only filters and at least

40% for phase-only filters. (In retrospect, one of

the authors (MSD) regrets not having collected

appropriate simulation data for calculation of a
a.Homer-like efficiency. 9 )

Several phase-only multi-band deblurring

filters were fabricated and tested in a dispersed

white light optical processor. Results of experiments

9-"
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using binary and continuous-tone linearly smeared

color input images are presented in Figs. 6 and 7,

respectively. In both experiments a xenon

arc lamp served as the source of white light

with pinhole spatial filtering providing an effective
source diameter of 75um and Fourier transform lenses

with 381mm focal lengths were used for processing.

Output images were recorded on Kodak Ektachrome 200
or

ASA film.

The phase-only CGH spatial filter pattern was

plotted on a Tektronix 4662 digital plotter and

photographically reduced onto Kodak Technical Pan Film,

followed by chemical developing using the R-10

bleaching process. With an input plane diffraction

grating frequency of 120 lp/mm, the maximum spatial

dimension of the spatial filter along the dispersion

axis was 13.7 mm., assuming processing wavelengths in

the range from 400 nm to 700 run, and the maximum

spatial frequency along the processing axis was

20 lp/mm. The CGH filter cell period ranged between

0.018 mm and 0.031 mm, with an average duty cycle of 0.25,

while the filters were designed for a 0.5 mm blur

.l g
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II
Figure 6 shows a black-and-white photograph

of the color output plane light distribution for

the deblurring operation performed on a binary slit

test image. The photo shows the zero-order output

image (essentially a copy of the smeared input image)

surrounded by the first order images, which have been

deblurred by approximately a factor of 3. In the

original color recording, a yellow-orange color

present in the zero-order image is due to residual

dye in the filter after bleaching. The first order

deblurred images appear almost completely white,

because their relatively high irradiance has saturated

the color recording material. Experimental results

agree quite well with computer simulation results in

this example. The color smearing caused by baseband

spatial frequency energy along the dispersion axis is

evident at the two ends of the slit and around some

fiber-like noise near the center.

Figure 7 shows a black-and-white photo of the

color output for the case of a linearly smeared,

continuous-tone color input image. The zero-order

term on the left side is again essentially a copy

."
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of the input image, with the higher order terms

surrounding it. Since this input image produces

all of the possible error-causing effects in the

first-order output image, including those due to

film nonlinearity during recording of the smeared -,

input image, it can be considered a worst-case input

image. However, the first-order image on the right

side still shows evidence of successful deblurring,

especially at the shirt buttons, the arms, and

the "V" at the shirt collar. Barely visible are

small yellow designs scattered throughout the red shirt,

which also show evidence of deblurring. The region of

the head in the image (brightness in the face and

darkness in the hair) manifests the effect of non-linear

transmittance vs. exposure characteristics of the

film used to record the smeared input image. Although

this example does not represent an ideal test of the

multi-band CGH filter system, it does represent a

possible situation in a practical app 1cation of the

technique. Further work must also be directed to more

faithful color reproduction in the processed image.

.4O
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Conclusions

This paper has presented computer simulations

and experimental demonstrations of multi-band CGH

spatial filters applied to color image processing

in a dispersed white light system. Significant

processing performance can be achieved for I-D

processing operations and color input images

with moderate space-bandwidth products. The CGH

spatial filter fabrication technique adds flexibility

to a color image processor which already possesses

the advantages of reduced coherent artifact noise,

low cost, and reduced sensitivity to the processing

environment, when compared to coherent (laser-based)

systems.

Analysis of several types of color smear

occurring at the output due to characteristics of

the CGH system were presented. In addition to

rotational alignment of the multi-band filter, the

parameter which most effects processing performance

is the filter band spectral bandwidth. We calculate

that good performance for 1-D operations can be expected

from filter bands with up to 10 nm bandwidths aionc

'a,9.
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the dispersion axis, in the visible range of

wavelengths. Phase-only CGH filters were also shown

via both simulation and experiment to achieve

significant performance in the dispersed white

light processor. The effect of filter/color

spectra size mismatch will be significant with

2-D images. Further work is needed to devise

multi-band CGH filters which can process inputs

having large space bandwidth products and to retain

faithful image colors at the system output.
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Figure Captions

Fig. 1. Optical arrangement for the dispersed white

light processor using multi-band CGH spatial filters.

Fig. 2. Rotational misalignment of CGH filter;

(a) outlines of rotated filter and dispersed color

spectra, (b) rotated filter bands near pivot point.

Fig. 3. Two-dimensional signal spectrum extending

over more than one filter band.

Fig. 4. Deblurred output irradiance vs. spatial

coordinate for (a) 64 levels of filter amplitude

quantization and three values of filter band spectral

bandwidth, and (b) phase-only filter and four values of

spectral bandwidth.

Fig. 5. Deblurring performance vs. filter band

spectral bandwidth for phase-only, 8-level, and

64-level amplitude quantization; performance measure

is (a) input blur width/deblurred 3dB width and

(b) total 3dB irradiance/tota! first order irradiance.

m'V
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, " ,
Fig 6. Black & white photo of color output light

distribution for binary slit input. Zero-order term

is in center surrounded by first-order deblurred terms.

Input blur width is indicated as ay.
S,-.

Fig. 7. Black & white photo of the color output light

S distribution for a linearly smeared, continuous-tone

color input image. Zero-order term is left of the

deblurred first-order term. Input blur width is

indicated as ty.
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Fig. 6. Black & white photo of color output light
distribution for binary slit input. Zero-order term
is in center surrounded by first-order deblurred terms.
Input blur width is indicated as ay.

Fig. 7. Black & white photo of the color output light
distribution for a linearly smeared, continuous-tone
color input image. Zero-order term is left of the
deblurred first-order term. Input blur width is
indicated as ay.
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Holographic Tomography
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for a particular projected slice. Therefore, the image ever, if we divide the whole field into two parts b% Its
of this particular slice can be represented b% diagonals (see fig. .5). the relation between the recons-

" 11 tructed pixels and the projected data can be generall\
f(x,. .1" ~ A. )() represented by

where A(.x. *1 i-Is again defined as in Eq. (3). and OVx. *t I-'UA).i. 8
is the reconstructed image of the chosen slice. As paral-

1e light beam passes through this slice at certain \&ith parameters 1 11 n chanues as follo~hs
angl 0. the projected data P,(,:. is determined. Tile
relation between the state of reconstructing pixels and A) When V~ = 45,'.
the projected data can be written eenerall\ as al as the location of different scannine ra\ eoes

from the left edge (,4( 1. 11) to the diacsral (the line
q from A( 1. 1\ to AIN. 11). the corresponding para-PgX) =U U Ax imeters are

where parameters m. n. p. and q change \%th respect Ion =
to the proiecting angle 0. K denote's the different n, = K
scannini' rays 0bviousl\, if the prot' ection for a par- ~ here
ticular ray is dark. i.e.. P ,, = 1. it indicates thatI the
scanning ray is blocked h\at least one ohtect in the K = 1 2.
field Hfence. the reconstructing pixels alonie this The coordinate Ichanges %ith as the foliox~ incparticular ra\ are designated h% logic state "I "On
the contrar\. those pix~els corresponding to, lighted express~ion
prolection I ie 2 0. \&ill be pt-rmanentl\ de- I
-natedr)\ lovck state "(0I regardless of other protected
d ita from differert angles \ ith these loic operations.

Pt ne state of eacni pi~eL -I( \. I . can he determined '.,thlotonodilrtsanngrx oe
prIce daa% ak continuOUsix from the center 10 thle right edee

protection process I, performed logicall\ after the F\ teorspdi aamerar
protcteid dat,i being fed ito the computer h\ Image w,
snNsln de% ice Therefore the slice inluc I( \ I
c'a PC estimated r0s F q 14) (Insoush a ttier recons-
r uct k 1 of The image max be cxpected as the number' and

us' o! protectec: anige ernplosed is increasoec C SIl. 110. I
N J Uscus the relation Inctv'ren accurac% ot 'econstructed

rn ie nd th quatitt of protected directioIn In a hlere

toperform the Ae '~ :o. t ",II
.. r J nc: J,1% alrec :ion 01 prolec:ttln te PI)rinc e4 n\ri

:~ca~crI:'.tAddaptec to ekprt!s' tite coordinates o ,, sim 1i.an'. Ji the '.t' o itlc srnre
'2'...1 Lic e,' inagec n:\ci Iron, !Oc orrc~rn, iner'~4 t 'e ao~d*wicnr

0~~~r lou' Irona' pi nt:d ~e2o' r
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After realizing the relations between the recons- axis. However, the orientation can be changed conti-
tructed pixels and the projected data in these four nuously on a plane perpendicular to the axis as desired.
particular directions, we can generalize the whole In the reconstruction process, the multiplexed
process into multidirectional projecting case by the hologram is oriented perpendicular to the optical
concept of coordinate transformation. axis to give the different directional projected 'views

". Multidirectional Projections. of the object field. Figure 7 shows four different viewsut dirctioa Projcins of the reconstructed image from the multiplexed
For simplicit. a new coordinesystem. (-..I). hologram generated by a sample object ficid.

is assigned with the origin O coincides with the center
of the field as shown in figure 6. As the field rotates an
angle 2. the coordinates of each pixel. within the
objects, will change differently in different quadrants.
However. these new coordinates can be calculated
through the rotation of coordinates with respect to
angle ;2. The new coordinates so obtained can be
translated back to the original coordinate system
(.. t). In this case. we Can get another four directional
projections. i.e.. x. 45' -?- i. 9W - 2. and 135" .
With this procedure repeated. we can have any number at
of projected data processed and a better reconstruc-
ton can be achieved.
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As an image sensing device is employed behind the
observation plane and the multiplexed hologram
is oriented. a series of projection data are available
for the post-processing. By means of the algorithm
described in previous section. results generated from
different number of projected directions are shown

40 in figure 8. From this figure and the original cross
section shown I n figure 9. we see that the shapes and
the locations of the objects in the field are well defined.

Ft, Teorv&rt 1' it np, to Ue"4"

It is noted that there are tmo matior factors effecting
the performance of this digital reconstruction .namel.
the number of the selected protiection angles and the

I.S number of the sampiing points chosen to represen:
_______________________________________ the oblec-, field From ii.nirc . %%e see that the recons-

tructed imaize is approaching the cross section of
original obiect field as the numbe- of proiections
increased Practicallh. since a se: of four 'equa!l%
di\ ided direction, is" chosen a,, s,.andard proiecting!
directions in the algorithm- the muizidirectional cases
are selected b\ rotatingz these fou- directions simulta-
neouslk with the same anzle In this manner. the res.-U toration accurac\ can be foreseen as depicted in
rileurc R(' as the number of scannim: angle increased

Fu aiso shosks results of a C\ lindrica I obiec:
in the center of field for differen-t num ber of scanniniz
anvies Obsiousl\, the numner o,' sampling points
cniosen. to represent the or'tec fiec aisko pia\s a %er\
importan: role -\! the ofn~e~'~L obiec: field
in rcase, more ,amping~ arit, v neece ; to re:on~-

Imai-
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V- CONCLUSION

In this paper. we have developed a holographic
tomography concept by which a 3-D complex field
ma, be studied and reconstructed from '-D projected
data. A particular case of some opaque objects in a
-- D field is discussed as a preliminar\ application of
this concept. The holographic multiplexing technique
pro% ides a series of protected data for tomographic
reconstruction. With the algorithm used in computer
post-processing. the image of a chosen slice in the
studied field can be reconstructed rom its one-dimen-
sional protected data. The reiatie locations and the
shapes of the obiects inside the field are "ell defined
b\ the reconstructed image. It is noted in this parti-
cular case. the principle used in the algorithm is much
more suitable for convex object fields. This limitation
arises from the fact that the pro.ected data are tne
silhouettes of opaque objects. Ho\\e'er. the ultimate
objectie is the stud\ of S-D complex fields. Hopefuil\.
with the aid of holographic concept. some advantage
such as reduction in computational procedures. ma,
be achiceed as compared sith conentionai tomo-
graphic techniques.

We ackno ,ledge the support of the LS Air Force
Office of Scientific Research grai,: AFOSR-SS-014 ,
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SECTION XXVII

Medical Imaging with White-Light
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3 PSEUDOCOLOR ENCODING OF MEDICAL IMAGES WITH WHITE LIGHT

B.M. Palmer, K.K. Shung, F.T.S. Yu*

Bioengineering Program
*Department of Electrical Engineering

Pennsylvania State University
University Park, Pa. 16802

.0, ABSTRACT: Color enhancement of medical images has been shown to be
effective in increasing the perceived dynamic range of the images
and thereby the diagnostic value of those images. An analog
pseudocoloring technique based upon Fourier optics has been used in
our laboratory to encode images obtained from such modalities as
conventional X-ray, Ultrasound and CT. Emphasis is placed on the
production of pseudocolored images mapped into the "heaLed-object"
scale by way of primary intensity functions which are based on color
matching principles and realized by film non-linearity properties.
A final phase relief transparency contains the information required
to produce the color scale when used as the input signal to the
white-light optical processor.

KEYWORDS: Pseudocolor, white-light

INTRODUCTION: The effectiveness of a medical image can be measured
b) as a clinician's ability to make a positive diagnosis from the h

image. Part of that ability depends on the image's dynamic range,
which includes not only the signal-to-noise ratio of the technique,
but also the manner in which the image is displayed. A measure of
the human eye's ability to recognize important information from a
display modality is called the perceived dynamic range (PDR). By
modifying the display system to increase the PDR, the overall
diagnostic effectiveness can be improved.

It has been experimentally shown that displaying images in
color increases the PDR due to the human eye's higher sensitivity to
color contrasts (1). Because of the many color scales available,
the following criteria for an optimal scale have been suggested: 1)
the scale must possess a natural order of intensities; 2) it must
be averageable such that a non-homogeneous region can be displyed
and an average intensity easily deduced and 3) the scale must have a
linear intensity mapping according to human eye perception.

A color scale which meets these requirements and provides the
highest PDR is the so called "heated-object" scale (HOS), which is
based upon the wavelength distribution of radiation emitted from a
PlAnkian blackbody. The intensity of the signal to be displayed can
oe interpreted as a temperature of a blackbody emittor and the
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The encoding Is performed by exposing each transparency onto

black and white film through a sampling graLing (40 ;ins per no) At
specific azimuthal angles (figure 3). The angles were chosen to
minimaze exposure saturatior, and Moire fringe interference. This
final transparency has an intensity transmittance which can be
written as:

Tixy) a K JT(xy)[1-cos(px)J * T(x,y)[licos(qy)] +

T(x,y)[1lcos(xp/y-))[1*cos(yq/v I))

WAM U0O

fie J Fil e Ae AStr 4 Ia K0.

OPTICAL PROCESSOR: By bleaching the encoded transparency, a phase
relief object is produced, which can be written as:

T(x,y) a exp[iD(x'y))

S(x,y) = K' I T(x,y)[l+cos(px)] + T(xy) l+cos(qy)] +

T(x'Y)[I+cos(xP/Nr)][l+cos(Yq/l.)]I

If this film is placed at the input plane of the white-light
processor (figure 4) then the complex light distribution for every
wavelength at the Fourier Plane will be determined by the Fourier
transformation:

S(ab) =ff[l+4(x,y)-/2( Zx,y)+...]exp[-i27r(ax+by)/Xf] dx dy

C" where the input exponential has been expanded and f is the focal
length of the Fourier Lens.

%I, P j. 'JI C
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By blocking all but the first order terms and color filtering

the appropriate smears In the Fourier plane the complex light field
passed Is given by:

S(ab) - S(a-Ip,b) + S(a,b-4q) + S(a- 2 ,b-)

Another Fourier Transformation is required to produce an output

image whose Irradiance Is resolved as:

I(x,y) z T2(-x,-y) + T (-x.-y) + Ti(-x,-y)

which is the superposition of the three primary intensity functions
%encoded on the Input plane and now properly colored to produce the

image in the HOS.

e Pwboo P44060

F~ouro Left.

pl.n

o1KO'

RESULTS AND DISCUSSION: Grey scale X-ray, CT and Ultrasonic Images
have been successfully encoded into the HOS utilizing this technique

in our laboratory. We are now in the process of assessing the
clinical efficacy of this technique. The cost associated with this
approach in producing a pseudocolor image from a grey scale image is

Vapparently less than the digital approach, however, it is also much
% less flexible Therefore, whether this technique can replace the

digital technique remains to be seen.
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Fringe visibillty of dual-aperture sampling with
partially coherent Illumination

F T S, Yu andY. W Zhang

The effect on fringe visihilti ,of a dual aperture imaging ystem produced b% two mutually, partialk coherent
point sources is studiod The two mutualiv pArtiallt coherent point sources are generated b% an original
extended inc herent surce The problem formulation is developed from the partial coherence theory of
Aolf The itsults show that the fringe visibilit, is affected by the spectral bandwidth. sotice size. sampling

aperture size. as well as the defocused distance of the imaging system These results are quite consistent with
the Thompson % predictions of Young a experiment

I. Introduction Sudol" and Marathay and Pollockg intended to point
The earliest investigation of the subject of partial out that there is no separation of apertures for which

coherence may be that of Verdet' who in 1865 studied the fringes disappear completely due to finite size of
the region of coherence for light from an extended the aperture. we shall analyze the decrease of the fringe
source. Some of the more important developments of visibility due to the spectral bandwidth, source size.
partial coherence theory are those due to Van Cittert2  sampling aperture size, and defocused distance by fol-
in 1934 and Zernike3 in 1938. They determined the lowing a similar approach. ".s

degree of coherence for light disturbances at any two In this paper we shall study the effects of fringe
points on a screen illuminated by an extended light visibility under partially coherent illumination. Two
source. However, it was Wolfs mutual coherence mutually partially coherent point sources derived by
function' in 1957 that made a broader scope of applica- an extended incoherent source are imaged by a dual-
tions possible for coherence theory. In addition, it was aperture imaging system to produce interference
the two-beam interferometric technique of Thompson fringes. We shall utilize a partial coherence theory to
and Wolf .6 that provided a practical measurement analyze a dual-aperture imaging system under partial-
technique of the degree of coherence. ly coherent illumination.

Recently, Thompson and Sudol" addressed the
problem of finite-aperture effects in the measurement II. Problem Formulation
of the degree of coherence. They presented a 1-D The layout of the system under consideration is
analysis showing that the fringe visibility of a two- depicted in Fig. 1. It shows that a diffused surface is
beam interferogram can be predicted by the convolu- illuminated by a collimated partially coherent light at

L 4 tion of two finite apertures under illumination. They the object plane of a double-aperture imaging system.
have developed simple formulas to gain insight for the The imaging lens of Fig. 1 is assumed very thin so that

07 application of the theory. More recently, Marathay the pair of sampling apertures, which are touching the
I. and Pollock8 generalized the study of Thompson and lens, can be located at either the entrance or exit pupil.
I Sudol elegantly by utilizing a 2-D approach. Their In the problem formulation, we assumed that a lin-

analyses' .8 have shown that the effect of aperture size ear extended incoherent source is utilized. If the in-
becomes predominant in the neighborhood of the zeros tensity distribution of the source is Y(O), then, for a
of the coherence or in regions where the coherence given wavelength X, the mutual intensity function in a
function is rapidly changing. While Thompson and I-D form arriving at the object plane P1 would be4

r("," 2;M = y(8) exp[-ik(f, - 0de, (1)

The authors are with Pennsylvania State University, Electrical where
Engineering Department. University Park, Pennsylvania 16802. As/2

Received 22 January 1986. 80 = (2)
0003-6935/86/183191-06$02.00/0.
C 1986 Optical Society of America. is the source divergent angle, D, is the diameter of the
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We are now in a position to raise a fundamental issue
_ to what extent would the visibility of the output inter-

fereince fringes be affected by the degree of coherence
of the illummnation'~ To answer this question we shall

FigI Dal-perur imgin %yte wih prtili coeret Ilu utilize the general formulation of Eq. (8) to determine

mination L1, collimated ens, L?, imaging le P. obect plant,. he effec

ouipit plane

collimating lens L 1 f is the focal length of L 1, and k
2r/X. 1ll. Effect under Tempoa~y Parfialy Coheren

If we assume that the diffused complex light field llurnination
.from the object plane P1 is t(k) the mutual intensity We shall first determine the effect under temporally

function reflected from diffused object at P1 would be partial coherent illumination. To do so, we let the
light source S be a point (i.e., As - 0) but with finite

- r(~42.t~it(). ~bandwidth (i.e., AX * 0). Thus the overall output
image irradiance at P3 would be

* ~where the superscript asterisk denotes the complex ~ ,

conjugate. Due to the Fresnel diffraction from Po to ](a) *8t(aoe)d (9)
P2. the mutual intensity function at the front of the
sampling apertures would be where X is the center wavelength of the light source,

and AX is its Fnectral bandwidth.
Se ) as t h i eThe light field within the sampling aperture with

fno rradius d can be kept coherence if tdr)t(4,w)e has a

shape and size similar to the Airy spot produced by the
x' ,;. =~P-jA r(x1,- -(x, d( (4) aperture. However, in this paper we shall discuss a1e,21 if) 2 special case where the dual aperture is illuminated by

two mutually partially coherent point sources.
The the mutual intensity function immediately behind Let us now take two arbitrary object points at P
the image lens would be with separation equals to the Airy spot projected into

the source plane, i.e.,
i r( ;X) -2 = - r(x1, 2;MT(x1)7h(xa), (5)

where where

k Dd D + o (.22X
shp .2)z d o hird

.otherwise, ain d (12)

f is the focal length of the imaging lens L2. Therefore, F 12 + (D/2)rs m t

the output mutual intensity function at P3 would be and the magnification of the Airy spot is assumed
unity.

he iage lens oul dWe note that eq could be another value rather thanfJILiff the Airy spot in the following analysis, but the Airyspot would be important if an extended object at P is

S 2)( considered. By substituting the above equations into
I e2L I Eq. (8), we show that

It is apparent that the corresponding intensity distri- %= ()O}(
bution due to X at P3 can be written as where

3192 APPLIED OPTICS hVol. 25. No. 18 /15 September 1986
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-P " We are now in a pouitron to raise a fundamental issue.
to what extent would the visibility of the output inter-
ference fringes be affected by the degree of coherence
of the illumination' To answer this question we shall
utilize the general formulation of Eq. (8) to determineFig 1 Dual-alerture imaging system~ with partialls coherent ,tu- the effect..

ruination Li, collimated lens. L1 . maing lens, P,. obeCt plane. P3.

output plane

collimating lens LI, Il is the focal length of LI, and k -
2w/X. UI. EffeW under Temporally Partlliy Cotewrg

If we assume that the diffused complex light field lllumnation
nto from the object plane Pa is t( ), the mutual intensity We shall first determine the effect under temporally

function reflected from diffused object at P would be partial coherent illumination. To do so, we let the
light source S be a point (i.e., As - 0) but with finite

• r'( . 2 ;X, = r(. 1 ; )1()t'). (3) bandwidth (i.e., aX * 0). Thus the overall output

IN where the superscript asterisk denotes the complex
conjugate. Due to the Fresnel diffraction from P to 1(a) [ ba;dX. (9)

P, - 11s - .X%/2
P., the mutual intensity function at the front of the
sampling apertures would be where Xo is the center wavelength of the light source,

and AX is its spectral bandwidth.
_= -i-- f I ,(r' ) The light field within the sampling aperture with

.a J1 / radius d can be kept coherence if 1t(, )t*(,,7)1 has a
shape and size similar to the Airy spot produced by the

x expi J(x1 - f,) - (z - j)2l dj 1di 2. (4) aperture. However, in this paper we shall discuss a
x 2 - -special case where the dual aperture is illuminated by

two mutually partially coherent point sources.
The the mutual intensity function immediately behind Let us now take two arbitrary object points at P
the image lens would be with separation equals to the Airy spot projected into

the source plane, i.e.,
r'(x,X.\' - r(x.,X2;X)T(x,7"(x,). (5)

•.' " " )~7 )t(t) - 6(f - to) + 6(t + to). (10)

where where
,1 i.k 1.1 d D + do A 2X (11)

T) ( e - 2 2 - 2 (6) sino

0, otherwise, . d

S +l l (D/2)2]1' -  (2f is the focal length of the imaging lens L2. Therefore, I^+(/)11

the output mutual intensity function at P3 would be and the magnification of the Airy spot is assumed

We note that 0 could be another value rather than
raa.0;X) JJrX; the Airy spot in the following analysis, but the Airy

spot would be important if an extended object at P is
X exp{-i_ - [(a,- F-X) (oo-X)21 dxdx. (7) considered. By substituting the above equations into

"2L Eq. (8), we show that

It is apparent that the corresponding intensity distri- IW)= A(a:X)A'(aX). (13)

bution due to X at Pa can be written as where

3192 APPLIED OPTICS / Vol. 25. No. 18 / 15 September 1986
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+A & lird(le +L412 -[C L I ,A, , + LW,0 j%,,,-A: JUL

U ') "~(~L A'j "'A4
I -(d . L]i..,( .- L "lL j

Since the output plane P3 is assumed at some dis-
tance W, away from the imaging plane. i.e.. A, << z, the , {l" -Lo) X21'
Gaussian lons formula would still be a good approxi- L FlL
mation for the analysis, i.e.,S I - . 0 £~b :,° -~ :: o J 4-d(,, ."" L o

Thus Eq. 14) can be written as r1ad,, - L&,,)1

Aia.A l + A1 1n)AI•- A.,i,. (i15 x/Lwhee.D,. - L4,) vD~l- L(0(

w c4.in L ALL aL X (22)

A,Ia;A) & -{ + It is now apparent that the fringe visibility as defined,

Vin) a (23)rJ(La + L~ 0 a1

k 
Vial - j( U o , .n ,+ LL

4 ex -,. i

2vMla + LLo)sin 2d(la - L 0)A.%X

[ (a +(a+ Lro)sini ILk . /2(12a2 + L o0

X sin + 
2 ] coj + (16) (24)

Figure 2 shows plots of fringe visibility as a function
[ k (a + f Ddof a for various spectral bandwidths of the light source.

2 ) ff r. _ _ Z From this figure, we see that the visibility decreases as
" jIL R d the spectral bandwidth of the light source increases,

2 2 / which is quite consistent with Thompson's prediction.
r a -o i Figure 3 shows the effect of fringe visibility due to

exe ik - Xll sampling aperture size. Thus we see that the visibility
P[ decreases as the aperture size increases. Figure 4

~4 ex -i + -/

2rX(La - L 0 )

x 2] ck(a L'- " (MM) L. Gl . M

With reference to Eqs. (15), (16), and (17), Eq. (13) can o.,

be written in terms of those quantities: 0."

I(a;A) = IAI(a;) 2 + IA2( a;X)
2 + A,(a;X)A'(a;X)

+ A ;(a;X)A 2 (a .X) (18) a ,oo0

The overall output image irradiance at P3 can be 0.2 1 1°°°,

written as 00 1_ _ 0 __A_\

l(a) - 11(a) + 1,(a) + 1
3(a), (19) 0 0 0 4 0,17 0.202 024 0.20 a(mm)

Fig. 2. Effect of fringe visibility due spectral bandwidth AX of the
where light source under temporally partially coherent illuminatior.

15 September 1986 / Vol. 25, No. 18 / APPUED OPTICS 3193



-0 277

da. Thi fgr sh s t

che i . In this case. .

exenio (ie. 0X-44~ P ) h ouc rai

\\

00 _1_ _ + x2_-1_k + "02 ,

o10 oi4 o'S 0202 o2)5 01,0 0mmM O,~C Q4 O1. ot0e rwse C'0)0 0 4 Y2

Fih 3. Effect of fri ge vsibilt due to sampling aperture size d Fig. 4 Effect of crge .isibiht due to defocused distance ,. under
under em pirall k partial -cIn i+nto) temporally partally coherent illumntion

~~shows the effect due to deviation of Az (i.e.. defocused '

edistance). This figure shows that the fringe visibility d o0 t
decreases as the defocused distance Az increases.

IV. Effect under Spatially Partially Coherent IlluminatIon l.lmnt+ LcanL be ] / Iao(- -
We shall now consider the effect due to spatially

coherent illumination. In this case, we assume that these fgur( s we niei ( th. the light source is temporally coherent but with finite , , - L.%)" L0 \L ]2J Lo \L 2

extension (i.e.. Af = 0 and As dc 0). The source irradi-

Aanea w- i [- ( LT --. )]si k{ko(tI 0 otherwise.

where Oe is the source divergent angle.xismila(r -- co nne . th.
coBy letting X (ie, the quantity of A(a;so) can be seen

2 froderived from Eq. (8), i.e., (28)

4 e - - ) E As similar to the foregoing temporally partially coher-
k:,-o -, + oent source, the effect of the fringe visibility due to the

-o - spatially partially coherent illumination can be evalu-
-' / [ tx1,1)2+ 

-+ c, ____ 'ated from the above equation.
x/ 7 -LJJId Figures 5-7 show the plots of visibility as a function

(26) of distance a for various values of source size As, sam-pling aperture size d, and defocused distance Az, re-

2 ]an Fspectively. From these figures, we notice that the
whr , / , - visibility decreases as the source size increases, theiex~k-) +'T nK ( -. + sarmpling aperture enlarges, and Az increases. Al-

source. Thusthoeall otpu image i e a though the variation of the fringe visibility due to an
LC0 , - ~extended source behaves in a similar manner as the

t (L % Ibandwidth variation, the effect due to increasing
xcos o +T2Iexp[-/ik °8] bandwidth (i.e.. AX) is more sensitive, as can be seen

Sfrom Figs. 2 and 5. In terms of the sampling aperture
34 - size (i.e., d), we have seen that the effect on fringe4ex -i -k '\LZ~ /si/[ o 1  visibility is not much different for the two cases. How-

S 2wXo0Ua - Lo .. 0,- / J ever, fringe visibility is more sensitive to aperture size
d than to the separation D. As for the changes of

'_a defocus distance A..z. the effect on the fringe visibilityCo{o - l]exp(iko~o6), (27) has generally behaved similarly for both cases.T].ojFinally we stress that the results that we have ob-

where h0 = 2r.'/Xo, and Xc is the wavelength of the light tamned, using two mutually partially coherent point
: source. Thus the overall output image irradiance at .P sources, are quite consistent with the two-beam inter-

would be ference measurement of Thompson.
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B nd co p tig .the ital ofere s. illumination we .[sin I
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I L 2 id ( k r + L 40 ) -x d ( !a + L ) 1 X ,,d2 - , )
3i +L:){d si IL 0 -AX) SW~x + a)x) IQ Li~.

1 1 4 Td(la+ j r rd + L ,) X ini -'
21 i 1 i -~0 sinL

sil(X AX)n sin( (X AX IX 2sn'
d r27rD (Ia + L 0)1 ~a+L

2D -d) IL (X -L AX -LX M2, + HR__ L

si sinl-T-(----- 2. / (\0 -A )e
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Lint- d )+  , I Lh(2rad

Thus the corresponding fringe visibility can be written

+ 2.-D 13
A* ~ -2a AA).AA

A).. ',<, - ,ia - L ,, k2l 1L., j_

If we assume that D > d, the quantity of I3(x) is much r 2d( o 4 L'i')AI -11

smaller than Iida) and I2(a). Thus 13(a) can generally Ia. L~' sin --- I:', + ~l
:." ebe neglected, and Ii (a) and l1.(a) can be further simpli- L IL.\.V JJ ,A o

fle as A7(2-

l d IL JTd(Q + L~ o) rd Al + L) 00

0 
L.0)3  

0L 
X -

1 0 Z 
-

2A t o 
A M"

2 dL J 2 L J We acknowledge the support of the U.S. Air Force
- (A4) Office of Scientific Research AFOSR grant 83-0140.

I I(a = IL f d(lo - L~o) Trd(Ia - L~o) i"
" ir"31 - Lio 13d I( 0  A)) ILIX o + A))

si +2d - L ' .~aLo

series and neglecting the higher-order terms of (AX)T, in einer von eth er lichtquelle direkt Oden Mittels cner linsey

sin(hyic I, L0 (A31934). din+

the output image irradiance can be written as 3. F. Zernike. "The Concept of Degrees of Coherence and Its Appli-

smaller ~~ ~ ~ ~ ato tho 11aOpta) hsNt angnrly+IaL Prbm,": sin ic 5 2 t8 +198 L

be2) 4. M. Born and E, Wolf, Principles of Optics (Pergamon. New York.

ILa d" +ta LEO rd(a) + J

++ L[,) 2) 19641. pp. 499-508.

6. B. J. Thompson and E. Wolf. "Two-Beam Interference with+ 1 F2dIn a + LO)1 r 2wd(la + L40) r Partially Coherent Light." J. Opt. Soc. Am. 47,i89 (1967).
+"ncL  I JcoL 68. B.MJ. Thompson. "Ilustration of the Phase Change in Two-Beam

ILInterference with Partially Coherent Light.' J. Opt. Sc. Am. 48

96 (19581.2A). . [ -Lo)A). 7. B.J. ThompsonandR. Sudol. "Finite Aperture Effects in the
+ iZ(La - L a)2x 1 IL o Measurement of the Degree of Coherence" J. Opt. Soc. Am. A 1,

598 119841.( 1. A. S. Maratha and D B Pollock. "Young's Interference Fringes.1~0 dLl L . 2A6) with Finite.Sie Sarmping Apertures.'" J. Opt. So. Am. A 1. 1057
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Reprinted from Applied Optics, Vol. 25. Page 3324, October 1, 1986
Copyright Cc 1"6 by the Optical Society of America and reprinted by permission of the copyright owner.I

W Experimental application of low-cost liquid reported coherent edge enhancement using the LCTV, and
crystal TV to whe-light optical Tais has also shown the high optical quality of the LCTV. Inthis Communication, we shall report other applications of
signal processing the LCTV to white-light optical processing.

".L. The basic experimental setup is depicted in Fig. 1, where
Francis T. S. Yu. S .~Jutamia, and .. the display panel of the LCTV is put in a liquid gate. A

Electrical Engineering Department, Pennsylvania State prefiltering aperture is included to remove the higher-order
University, University Park, Pennsylvania 16802. spatial frequencies associated with the inherent grating

.N. Received 3 June 1986.
Sponsored by Hua-Kuang Liu, Jet Propulsion Laboratory.
0003-69,35,'86.'193324-03S02.00/0.
Z 1986 Optical Society of America.

Optical processing has made significant progress in the 9

last two decades. However, an existing drawback of optical CAL
processing is the requirement of an input transparency that
eventually sacrifices real-time processing rapability. The -

extremely expensive spatial light modulators such as liquid
-ystal light valve (LCLV), microchannel spatial light modu- "

lator (MSLM). and magnetooptic device (MOD) have been
successfully produced and applied to real-time optical pro-
cessing. On the other hand, low-cost (<S150) commercially
available flat screen transmission-type liquid crystal televi- (a)
sion (I.CTV) can be modified and used as a spatial light
modula.'c in a real-time optical signal processor. Applica-
tions of .ie LCTV to real-time pattern recognition using a
coherexi optical correlator have been shown by Liu et al.'
and Gregory.2 A study of the performance of the LCTV has
also been reported by McEwan et a1.3 Recentiy, Young'

Vidicon

Object

L 0

LCTV Vt

P A

pl.2

FP

OP

Fig. 1. Basic experimental setup: S. white-light source. Lo. colli. (
mator; AP, additional polarizer: LCTV, liquid Lrystal television
display: Ll. Fourier transform lens: PA. prefiltering aperture. L. Fi. a .:,.: : R:,f- :
imag:nz lens: FP. eniarged Fourier transforr. pane , Fou:re .- e-

%4 transerrn lens: OP. output piane

3324 APPIED O=1TICS ' Vol 25 NC 19 , "&*-e .
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structure of the LCTV. Lens L2 is added to enlarge the through a green color filter. In the same manner, the hori-
Fourier transform to simplify spatial filtering. zontally diffracted light passes through a red filter at the

An input pattern is displayed on the LCTV based on a enlarged Fourier transform plane. Therefore, a red triangle
scanning process; however, due to the sufficiently long relax- and green background would be obtained. This method is
ation time of the pixels, the input pattern is actually a par- commonly used in the archival storage of color films. 7 The
tially spatially coherent image. The Fourier spectra of a color-coded experimental result using a white-light source is
grating input was observed clearly. However, it is not illus- shown in the black-and-white picture in Fig. 4(b). The
trated in this Communication, since it has been shown by Liu result has good color separation.
et al.1 Thus it is evident that the Fourier transform can be Summarizing: Applications of a low-cost commercially
effectively performed. available flat screen transmission-type LCTV to real-time

Lewis6 had reported real-time coherent optical edge en- elementary white-light optical signal processing have been
hancement using an expensive Hughes LCLV. However, studied. Although the picture is displayed on the LCTV
the low-cost LCTV can be employed to provide the same based on a scanning process, the sufficiently long relaxation
result. Young 4 showed some results of the edge enhance- time of the pixels provide a partially spatially coherent input
ment of a 2-D pattern using laser. The edge enhancement of image. Thus real-time optical signal processing can be car-
a 2-D pattern using a white-light processor is shown in Fig. 2. ried out using the LCTV instead of other extremely expen-
Figure 2(a) illustrates the input pattern as displayed on the sive light modulators. However, the LCTV has such draw-
LCTV. A high-pass spatial filter is placed on the enlarged backs as low resolution and contrast. We like to stress that
Fourier transform plane (FP) to generate an edge enhanced the LCTV is low in cost, and with further improvements the
image. The corresponding result is shown in Fig. 2(b). The LCTV should be very useful for not only coherent but also
edge enhanced image obtained using laser illumination is white-light optical signal processing.
provided in Fig. 2(c) for comparison. We note that the
coherent artifact noise shown in Fig. 2(c) has been removed We acknowledge the support by U.S. Air Force Office of
in the white-light processing as shown in Fig. 2(b). Another Scientific Research grant AFOSR-83-0140.
experiment of edge enhancement using a 3-D object is also
demonstrated in Fig. 3. A small toy car is viewed with a
remote vidicon and displayed on the LCTV as shown in Fig. References
3(a). The corresponding edge enhanced image is shown in 1. H. K. Liu. J. A. Davis. and R. A. Lilly. "Optical-Data-Processing
Fig. 3(b). Properties of a Liquid-Crystal Television Spatial Light Modula-

Another application of the LCTV to white-light processing tor.- Opt. Lett. 10, 635 (1985).
has also been studied. An input pattern shown in Fig. 4(a) is 2. D.A. Gregory, "Real-Time Pattern Recognition Using a Modified
used to demonstrate spatial color encoding. At the enlarged Liquid Crystal Televisi,,n in a Coherent Optical Correlator,"
Fourier transform plane the vertically diffracted light passes Appl. Opt. 25, 467 (1986i.

(a)

(b) (b)

Fig 3. ia) Input pattern of a toy car which is displayed on the Fig 4. Ia) Input pattern used for spatialcolor encoding. (b)Black-
LCTV (bi Edge enhanced image of ia) using a white.light proces- and-white picture of the color encoded result where the triangie was

sor. rec anc the background green. -

I Octooer 1986 / Vol. 25. No. 19 ,, APPLIED OPTICS 3325
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3. J. A. McEwan, A. D. Fisher. P. D. Roisma. and J. N. Let, "Optical-28
Processing Characteristics of a Low-Cost Liquid Crystal Display
Device." J. Opt. Soc. Am. A 2(13), 8 (1985).

Jim 4. M. Young, "Low-Cost LCD Video Display for Optical Proces-

5A. M. Tai, "Low-Cost LCD Spatial Light Modulator with High

OptcalQulit,"AppI. Opt. 25, 1380 (1986).
6R. W. Lewis, "Real-Time Coherent Optical Edge Enhancement,"

7F. T. S. Yu, X. X. Chen, and S. L. Zhuang, "Progress Report on
Archival Storage of Color Films Utilizing a White-Light Process.
ing Technique." J. Opt. Paris 16, 59 (1985).
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Original article J. Optics (Paris). 1986, vol. 17, no 5, p "m

DEPARTMENTr OF ELECTRICAL ENGr--EEING

The Pennsdtrania State LniiersitY. UnirersitY Park., PA 16802

3 Computer Generated Linear Tricolor Sampling Pattern

and its Application

S FRANCIS T. S. Yu, XIN-XIANG CHEN, KATHLEEN E. McCLURE

MOTS CLES KEY WORDS
Reseau echantillonneur Computer generated sampling pattern
Conception par ordinateur Coior image retrieval
Restitution des couleurs Image processing
Tratement d'image

Description et Utilisarion d'un reseau echantillonneur
trichromarique crii par ordinateur

SUMMARY A * onc.-icp method for recording color information RESLUME On propose une methode qui permet denregistrer les
or, a monochrolL traiiipasrenc usiu 3 lineasr trcolor samplin, coulcurs d'un coup sur une emulsion noir 't blinc. en uttlisan, uti
pattern i% propo'.cd. it is 'hown that the metahod joidb color- rescau ichantillonneur trichromatique. On montre 4ue la methode
cross-talk. moire frinix'.. and mireinal resolution lo'.5. The lineasr e'ite riniermodulaiton des coulcurs. les phenomenes de moire et
tricolor sampling~ pattern is described in deiail i., %eli is ai method minimise Its pertces de resolution. Le reseau echantillonneur lineaire
for Computer gcaacrinsiv the tricolor L'riamit Color imjgt.-% retrieved esi decrii ainsi qu'une meihode pour generer Ie rtseau trichroma.
using the grjia'a 'ht,%% tht the metho'd I 1 a ahle .alicrnajtive to liue par ordinateur. Les resultats expenmentaux monirent que
pre~ious hr i.cp i oolang method'. cetic methode est une atlternative envisagecable 4t La prcedente

methodc de codagc en trots etapes.

1. - NTRODUCTION Kintany. and Yu [:-4]. In recent articles. Yu et al [5]
ha'.e demonstrated a white-li2ht method for archival
storage of color information on a monochrome trans-

Industries which rely on the archival storage of color parency. Each of the three primnary colors of an image
images have long been plagued with the problem of were modulated into Seoarate positions by three dif-
color fading. The cause of this fadine is the instability fraction gratings of different frequencies or azimuthal
of the organic dves used in color f1is. In an effort orientations. The image was retrieved by passing the
to avoid color fadina. numerous methods of diffraction three primary image spectra through wide band spatial

color lphotography have been proposed. In 1969. filters and recombining them to form a color image.
image retrieval using a tricolor grid screen to encode for recording color information on a monochrome

ona monochrome transparency. The image was transparency using a linear tricolor sampling pattern.
retrieved using three quasi-monochromatic light sour- Since the sampling pattern is linear. both moire fringes
ces: This method successfully avoided the cross- and color-cross-talk are avoided. In addition broad
product spectra by using limiting apertures in the band spatial filters can be used for decoding. thus
Fourier plane. but these -apertures- also caused some avoiding marginal resolution ioss. In the following
marginal resolution loss. In addition. due to the non- scon.we Will describe the linear tricolor sampling9lineari1ty of color ffilm, the ove-;apping eiements of the ptenidtals elas icusamethod for
tricolor zrnd screen resulted in unaoidabie color- constructing the grating using comDUter- generated
cross-talk. plots. We wi'll *hen demonstrate the application of the

Several similar methods of archi~al btorage ha~e tricolor grating to both color archival storage and
been subseauentl\ rerorted by, Mvacoski. Grous bor. color image retrie~al and discuss its unique mer-its. -
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11. - THEORY 1 . Gree.n+Red

A method has been suggested for generating a tri- m
color sampling pattern by sequential exposures of e e c,e een

sampling gratings [1) as shown in figure 1. By using-- -. '--i
white-light illumination the tricolor 'gratinit .l Red
the respective three-color-information of p!.color
transparency onto tme heD Opaque

C"Moled We-Li ! VA .

Red Color Green Color Blut Color

-_2-

Comolct <-X
Color rog

Fiuj. 1. - Gecrwa trtb vra i hv squnia mu 'poui rts of

Fit,. -4hii uou grid diemonstraimg IcDoo-crOss-10a4

We now discuss the encoding procedure in more
detail. For simplicity, a biculor grid is illustrated __________________________

rather than a tricolor gratin. Let region 1-2.3-4 be
go(-x. v). as shown in figure 2. and (he grating function
(.: y) be written as

g x i)= T V 'i0 (.x + ,in'! + nd,). (I)
g and*# Lire the linear spatial coordinates of the Fourier

where d, and d. are the periods in the x and Y direc- plane. and the respective angular spatial frequencies.
tions respecti~ek. Po and q.. can be written as

The complex amplitude transmittance of the bicolor
grind can be described by the following equation p 0 = (2 ;f) 2 = 2 -,,d,
I .% = q0 = (2 -. . 0 

= 2:,d. (4)

= -_" C,,,( .)exp[i(' 7-../) (, . - nf3o y)]. (2) Let the amplitude of the green light passed by the
nonoveriapping region 0-;--2-6 be .4(g). the red light

where J is the focal length. and C..(I) are the double passed by the nonoverlapping region 0-7-4-8 be A(r).
Fourier coefficients in terms of whavelength ;_ des- and the amplitude ofliht passed by the region 0-6-3-7.
cribed b\, which is the overlapping of green and red. be A(y).

Then due to the nonlinearity of photographic film. the

(I;) =-( K amplitude of light passed by the region 0-6-3-7 is not
d - * °( ) equal to A(g) plus A(r). but is instead equal to A(g) -

AA(g) plus A(r) - AA(r). Illumination by collimated
x exp[- i(2 4f) (m7., x - nri y)] dx d'. (3) white-light results in

C,(t) = A'1)exp[- i , )lm2,x - a. 2) - nlfl(y - a'2)-

- [Aly) - a. exT[- i".....rn,. -. 2- o.; - ,. ))J dx dv

Kq) E.4(.q)- A.4tq) n = 0
I K,(g) A.4(q) m =0. (5)

'_--

' -. . . . .. * % ' .* 1L1
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and

C.(,) . : (r) expj - i(2 ni;, f) (m2o(x + a,2) - nflo(' - a ,'2))] +

+ rA(r) - AA(r)] expl- i(2 rm/i.,f)(mo0 (x - a,'2) + nflo(y - a,2)))], dxd)'3 K.(r)[A(r) - AA(r)] m = 0{ (r) AA(r) n = 0. (6)

II
where K,( I.) are complex constants with index m or n. Red
and we have assumed that a, = (1 2) d,. a: = (1 2) d,. Green

Taking a two-dimensional Fourier transform of
tIx.Y. .5. we have y Bue
( : , -ft .4 ) = .S C . .( I.) ,6 ( 2 - ., ;.f d , ) 6 ( fl - , "jd ) ",cw

(7)

The distribution of spectra in the 2 direction.of the _"_ __
Fourier plane can be w ritten as

T(~~~~. g. K.) [.t q) - Atr)] 6(% - ml'.gf'd.).

and (8)and ,

7T(2 ;,) = T K(r) AA(r) j(2 - in.,Jd,). (9) - I

Similarlh. the distribution of spectra in the direction 77 . Z 7 ..£ of the F ourier plane can be %ritten as Z

T(/. *)= K.( q) AA( y) 6(ft - ntfI). (10) _

and

"tf,) K,(r) [.4(r) - AA(r)] 6(9J - nJ.,',)
(II) , -

From Eas. (8) to (II). %e conclude that there are -

not only the spectra of the green-color-grating but
also the spectra of the red-color-grating on the 2-axis i, 3 on ar itjw,,, iuampirnputirorrn LTSP,

of the Fourier plane. Furthermore. the size of the
liht source and the color smear cause the nth order

of both spectra to overlap resulting in color-cross:..-...
talk (i.e.. two colors can not be distinguislrl.-Color-
cross-talk also occurs on the fl-axis. To avoid the direction. The blue pattern has the same period. d..
effects of color-cross-talk. %he propose a new type of in the x directior. as the green one. and the penod.
sampling pattern from which three distinguishable d,. in jy direction. The sizes of the transparent cells of
spectra will result. red. green. and blue color are a, by v. al by a. and

Figure 3 shows the constitution of a linear tricolor al by a,. respectively. The relative dimensions of the
sampling pattern (LTSP). The basic idea is that no parameters are
color cells overlap, so that we avoid the effects of the d, = d . d > a -
nonlinearity of the film. The red color periodic pattern. , -> 0-
which is independent of the y direction. has the penod. 3 do - 2 db. d, > 2aq - a,). (12)
d,. in the x direcnon. The reen pattern has the period,
d,. in the .c direction. and the period. d,. in the Y The LTSP function gx. v) can be written as

Qtx. y) = I,.. - Md.x. .- 7lx. )7

-= ' Esl,-l - ,)d)- ]<v- md. v - nd) - ,,,x- en. i - na,.); .'
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where go(x) - region 1-2-3-4. g90(x. y) = region 5-6-7-8. and gbo(x.Y.) = region 9-10-11-12 (see fig. 3).
We employ Eqs. (2) and (3). and recalculate C.1;.). Illumination by collimated white-light results in

C.(r) -, : A(r) exp[- i(2 , (m20 x)] dx

= a,d)A(r) sinc (ma,,'d,) -- --- --

= K.(r) A(r).

C.() A(,exp :7-di(2A(; )p[m2,(x

= (U, U1,d1 d,) A(y) exp(inrnad, ) sinc(maid, ) sinc(

= K_.(!.) A(Y).

C (b)_ -= di, A(b) exp - i(2 ir, bf) [n ,(.r -

= (Ia U, d: d,) .4(b) exp(iirna.' d,) sinc (ma1,'d) x
x exp(itrnad) sinc (na,'db)

= K..(b) A(b).

where K,,,,(r). K,,,.i q. and K,.hi are complc\ con..- Ill. - COIPUTER GENERATING LTSP
tants. and 2 and 1; are the linear spatial coordinates.
The respectie angular spatial frequencies Po- pl- qI. In principle, it is possible to realize the one-step-'a n d , c a n b e v r l ti t e n u s .,,8 j e

.n..ca.b . encoding technique by using the linear tricolor sampl-

.-, ;./) , - \ ing pattern (LTSP) from the preceding discussions.

2 , d - ._....construct an LTPS. vi computer" ;.)/~ piotter4 to generate a large diagram of the LTSP U"

The Fourier transform of t"x. v. can be written as reduce I -h "- 35 mm colorT
Tn'transparency by means of a photographic method.

TI2. /i. ;.)= " C,,,(,;.) )i 2 - In2 ) (/3 - n/~). We can divide the LTSP into three parts. i.e.. the
red-color-sampling-patter, the green-color-sampling-

(17) pattern, and the blue-color-sampling-pattern. Thus.

In the 2 direction of the Fourier plane. we are able to use a computer to generate three dia-
grams individuall% in black and white corresponding

"t'0. [K,,r).A(r)6(7 m ~o)- to the three color-sampling-patters. During the
T- [reducing process. by using a special mark to fix these
- K,.(g) A(g) 6( - mil) diagrams at their exact position. the LTSP can be
- K,(b) .4(b)3 (.2 18- ). (l ) obtained by exposing a color transparency through

the corresponding red. green, and blue primary color
It is noted that the first order spectra of the green filters. The flowchart of the procedure for generating
color pattern and the blue color pattern are located the LTSP is shown in figure 4.
at twice the distance of the red one in the o, direction
because , = 2 20. At the same time. on the #-axis .-- -.
of the Fourier plane. we have JIS 303 vwte W't Gr 6--

4(). ; = : fK.(g) A(y) 6(f- n 1 ) M[-,, L5 c,

- K.(h) A(b)f - nl:)]. (19)

The first order spectrum of the green color pattern
appears at 32_ the distance of the blue one on the ~
axis because B: = (3 2) B. - - - _ Source!

Thus we have shown that with the LTSP we can 3W .
obtain a set of distinguishabe firs: orcer soe.:ra or.
the Fourier plane. and both the moire effect and the
color-cross-talk effect can be a',oided. FIG .4 to..iarr o' inth proceaure 'or generating the LTSP

- ~ k -"
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The Versatec: 8222A electrostatic plotter was used28
to generate black and white diagrams of the three
sampling patterns. The writting instrument is a double
row of plotting nibs past which the plotting paper .
moves. Each nib is 0.005 inches in diameter and the , ,,4
two rows are offset by 0.0025 inches. forming a rela-
tively smooth and continuous plot. The plotting sur- ; -
face is 21.12 inches wide and 72.00 inches long. Refer- c

ring to Eq. (12) and figure 3. we have d. > 4 pixels
if a, = 0 = I pixel. Due to the overlap of two adja- , 1.04-3
cent dots. d, is taken to be 8 pixels so that d = 12 pixels.
Because the actual width of useful paper is 21.12 inches *0

on the Versatec 8222A plotter, we have 4 224 pixels
in the x-direction. After leaving space for the special
marks. forexample 128 x 2 pixels. 4"224 - 128 x 2 = a ... . . .. . . . . . . .... .
3 968 pixels remain. Thus. we can draw 3 968/12 • 2 3 5 0 7 0 , ,, It 12 ,3 14 ,5 in

330 lines for the blue-color-sampling-pattern, and 0

3 968,/8 - 496 lines for the green-coloi-sampling-
pattern in the x direction. After reducing to a 35 mm
transparency. the sampling frequencies are 330/22 = 15
(lines;mm) and 496,22 n 22.5 (lines/mm) respectively.
Similarly. if a, = I pixel and d, - 12 pixels. we can
draw 525 lines in the v-direction (corresponding to
6 300 pixels. i.e.. 31.5 inches long). Then the red-color- -
sampling-pattern frequency is approximately equi-
valent to 525,35 =: I5 (linesmm).

Although sampling frequencies of 15 linesmm and a.; d, /a ,.3
22.5 lines mm are low. they are satisfactory for eva- d,/a, a "

luating the potential for a one-step-encoding techni- "
to acheive higher sampling frequencies- we can - %

use instruments which possess very fine output. such d,/Q 6
a icrodensitometer. For example. the PDS model '

1010 Microdensitometer is able to resolve the pixel
- position information w4"hj3itirh a 0 -02--

spacing of 62'the samping frequency is expected to 2

be about 80 lines mm. , ,,,. .
Diffraction efficiency is one of the most important a 3 5 a 7 a , to ,, ,2 13 4 S IS

considerations when constructing the LTSP. Theore-
ticallv. the thin rectangle shape amplitude transmit-
tance grating possesses the maximum diffraction
efficiency with q,, z 10 ", [6]. However. the diffe- Fi(b. 5. - DiOUracwun rjihenc. versus ad.

rences of the colors and the sampling patterns may (a) Red.somping-pauern.~~(bt Green and Nair sampling-pauvrns. t

cause the efficiency of the LTSP to be less than the
maximum. The diffraction efficiency can be increased
by optimizing the sampling pattern parameters and
by optimizing the length of exposure to each color-
sampling-pattern during grating construction.

In finding the optimal sampling pattern parameters
we investigate the effects of the sampling frequencies of exposure to each color-sampling-pattern when
and the sizes of the transparent cells. Recalling Eqs. recording the grating. Figures 6 a;. rbj. and ic)
(14) to (16). the diffracted wave amplitudes are the show the empirical exposure versus efficiency curves
Fourier coefficients. C.,.(4). The mn(th) order diffrac- for each of the three color-sampling-patterns recorded
tion efficiency is defined bv on Kodak 2483 color film. These curves show where

= C,.( ;.) C..( .). (20) the optimal exposure values occur. In practice. we
do not have access to equipment that would enable

where * denotes the complex conjugate. For the red- us to realize the optimal sampling pattern shape.
sampling-pattern we are interested in the rno = 10 However. we do follow the optimal exposure times
order and for the green and blue-sampling-patterns from figure 6 in recording the grating.
we are interested in the mn = 01 order..Figure 5 sho%,s A second consideration in recording the LTSP is
the curves of diffraction efficiency versus ad as cal- the color balance of the retrieved color image, It is
cuiated from Eq. (20). These curves show that the known that the exposure. E. of an encoded film is
diffraction efficiency improves as the cell size is defined b\
increased and the period is decreased. F7

The second method for impro'ing the diffrac:ion 4

efrc-enc.. of the LTSP is by finding the optimal length %he.. T is the duration of the exposure and I is the

r .4

I--(.'.q,',.= ,4 , ,_',,. , a.:,e., ;.r :,, .'~~~ ' e . .,. . ... ,.:,',..,,,e;, ),e ,, .. ' € e : ,, ,
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intensity incident on the encoded film. In three step
encoding we controlled color balance by adjusting
the length of exposure. T, for each color encoded.I However, for one-step encoding, T is the same for all

..1 three colors and the color balance now depends only
3 on the variation of I with respect to ; The incident

intensity is dependent upon the intensity of light
C transmitted by the LTSP which is dependent on the

length of exposure to each color-sampling-pattern
. during grating construction. Thus we must choose

whether to optimize color balance or grating efficiency
* ,,-1 when choosing the exposure times for recording the

grating However, the color balance of the retrieved
color image can also be adjusted by using neutral

-... .... -. a0 .5 1.9 density filters at the Fourier plane. With this in mind
L-0 E0 .... ) ,csand considering the difficulties in realizing the optimal

sampling-pattern for maximum efficiency, we choose
exposure times that maximize the diffraction efficiency
of the 2rating

A final consideration when recording the LTSP is
the film. A high resolution film is best. and we choose
Kodak 2483 color film which has a cut off spatial
frequency of 200 linesmm.

..... IV. -APPLICATIONS A6D RESULTS

r
. i *One step color archival storage can be achieved
* using the contact printing method illustrated in

figure 7. Kodak AHU 5460 Microfilm was chosen as
the film to be encoded because its spectral response
matches that of the tricolor grating and it is a high
resolution film. The film was encoded by briniing it

° 00- into contact with the grating and exposing it to the
object transparency. To increase the diffraction effi-

--, -, -*, , ciency. the encoded film was bleached after develop-
*E ...... C-CS) ment. Fi.eure X shows the oriznal transparency, a

(b) picture of tmo football players which contains the

IColihmoted "4.eLiri

7ColorTransparencyo. ooe

.O 090- 2

h 6,035-

C

3.632 i- Objective

l O  i S O. a O 8 2 f

(C) Z - Tricolor- Samplino - -ottern

FiG. 6. - D'vrunu !!r1:, %CrSu;S c.n03ur( - 0C1Oc~oqIc Film>
ib) OReen-amptmnv-putern* p

(c) Bh/,-,unim -Ytw/''/Uhr, FI(; * Opu- '/n en<-namr' I- s,"

Ile V



J. Opfics (Parisi. 1986. vol. 17. n", 5 F. T. S. YU, X.-X. CHEN. K. E. MCCLURE J 01

291

Fit. S Origini tlor pi(1isre ui t /it~o lohlplayiers.

primry clors Figre 9is picure f th imae t otainp a cotac pint. To prevent scratching the

retrevalbv ountng he gatig ona gass lid and The ethd cold e l~r-.e7 smplf dedvisinisnga
placng he lid inthefocl paneof a arrT.% 2S sz~~ni mehansm n ti! a-M73 h~c. Auio'ol
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Real Color Object

AW

6:3--k and White Fdrir

Comnpu~er Generated
Tricolor SamPling Grating

6iII. (i,, inueiui n e ,i~ ifl 1/cl t li a n 1 1711' fi b i t 1,,, th e LTS P ,,,ouinted in a cam'era.

".

process. Figure I/ is a picture of the object. a toy lion.
used to demonstrate color image retrieval and figure /7
is the rctric~cd color image. Here aizain. Kodak 5460
Microfilm was encoded and the developed film was
bleached to increase efficienicy.

Examininu the rcsults. one sees that the color in the
retrieved images isverN close to the orlizinal. However. J
some risolution is lost in the retrieved Imace. Increas- .1

ing the sampling frequency of the sampl-ig pattern
would increase the resolut Ion of the retrieved imae
as well as enrich the color. One additional advantage
of the tricolor gratins! is that since the color cells do
not overlap, the dynamic range of exposure is greatly
expanded. I ~ p ieo 0 la

V. - CON CL US/ON it~

We have discussed a linear tricolor sampling
S. pattern iLTSP) for recording color information on a

monochrome transparency. The grating has no over-
lapping color cells so that color-cross-talk and moire '.
frinies are avoided. In addition. since the system uses
white-light and broad band spatial filters for decoding

resolution loss is avoided. A method for
'~ "- constructin?"LTSP using computer generated plots of

the sampling pattern has been presented with special
attention paid to maximizing the diffraction efficiency.
Results obtained with the LTSP have remarkably
gzood color althougth some loss of resolution is suffered..
increasingz the sampling frequency would avoid reso-
lution loss as well as enrich the color of the retrieved ...C ~ , ... :" r:~r rn ~eC'l

IM, a Re.
f" zA

e k,,U CI,
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XXXI. Concluding Remarks

In this research, we have developed a white-light optical signal

processor for complex data processing. The coherence requirement is

analyzed through the partial coherence theory of Wolf. We have shown that

the white-light signal processor is capable of processing the signal in

complex amplitude as a coherent image processor; at the same time the

processor is dapable of suppressing artifact noise as an incoherent

processor.

To alleviate the spatial coherence constraint of a physical light

source, a source encoding concept is developed so that the optical

processing can be carried out with an extended source. To remove the

constraint of the temporal coherence of a white-light source, we utilize an

image sampling grating to improve the degree of temporal coherence in the

Fourier plane so that the image can be processed in complex amplitude. We

have also demonstrated that the white-light optical processor is very

economical and easy to operate, in contrast with coherent counterparts. We

have shown that the white-light optical processor would offer a broader

range of application to many scientific imageries.V!

In this report, we have summarised some of the advances in deblurring,

subtraction, color retrieval, and pseudocolor encoding can be easily

carried out by the proposed white-light optical signal processor.

In spite of the flexibility of digital processing, optical methods

offer the advantage of capacity, color, simplicity, and cost effectiveness.

Instead of contronting each other, we can expect a gradual merging of the

L optical and digital techniques. The continued development of

optical-dilgital interfaces and various electro-optics devices will lead to

A_



296

I a fruitful result: hybrid optical digital image processing techniques,

utilizing the strengths of both processing operations. Furthermore, I

believe that white-light optical signal processing is at the threshold of

widespread application. I hope that this will serve a basic foundation,

already established in part, to help guide interested readers toward

various imaginative signal processing applications.

.=I.

AO - --.,
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