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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 1mage 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 tolor 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 heen throughly calculated.

N We have, in this research, evaluated the apparent transfer function
for the white-light processor. The MTF of the white-light processor is

5 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.

L One of the interesting results was the development of a density Fﬂl,
; psendocolor encoder with white-light. This white-light psendocolor encoder Sy
is a high resolution system and it is very cost effective as compared with -ﬁ%d
the digital counterpart. We have applied the psendocolor encoder for ‘?55
medical diagnostic imaging, Landsat data falsed-color composites, as well
as color image retrievals. z&ya
In white-1light holography research, we have evaluated the primary .fkﬁ
t aberrations and bandwidth requirement for rainbow holographic process. The ~$$§
conditions for the removal of the primary aberrations have been calculated. ol
We have also developed a technique of generating a broadband white-light :
Fourier hologram. The technique utilizes a source encoding principle. ‘:o
This broadband Fourier hologram is vitally important, for the generation of Y]
a wide band spatial filter as a applied to complex signal detection with ;¥ ’
white-light. 1In addition, we have also developed a dual-beam encoding A0
technique for color hologram construction with white-light, This encoding ﬂ\
technique utilizes no reference beam.
%A
Another interesting demonstration must be the optical signal 'ﬁ
processing with sun light. The advantage of sun-light processing is that %:k
the optical system does not carry its own light source, which is very fﬁﬁ?
suitable for spaceborne application. WO
Noise performance and measurement have been quantitatively analized in v 'q
this research. We have shown that the white-light system offers coherent b '}
artifact noise immunity, which is the primary advantage over the coherent LY
counterpart. o 7
SN
We have also in this research, applied various spatial light .
modulators (SLM) (for examples, Magneto-optic, Liquid Crystal TV, Liquid ;a;’
] Crystal light value, etc) to white-light optical signal processing. The yﬁ?
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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

We 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

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
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
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We have also extended this image deblurring technique to color

- o
-

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

LA 4

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

- - -
-
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achieved with narrow red and green color deblurring filters. Experimental t
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. 5

¥

%g 2.2 Image Subtraction (Section IV) 3

We have in this research investigated the possibility of using a

%g white-light source for image subtraction. Since optical image subtraction f;
ﬁﬁ is a one-dimensional processing operation, instead of using a point source 'g
of light, a line source can be utilized. However the image subtraction '1

%g operates upon the one-to-one image points, a strictly broad coherence ‘E
‘ requirement is not needed. It is therefore possible to encode an extended 5
. incoherence source to obtain a point-pair coherence function for the image u
@ subtraction operation [3,5]. ?
H A technique of encoding an extended incoherent source for image %:
!s subtraction is developed. The source encoding is obtained from the ‘

‘ coherence requirement for image subtraction operation. Since the coherence Ej

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

take place by spatial sampling an extended incoherent source with narrow

ey
S b

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

zg the available light power for the processing operation, so that the 9
\J
B inherent difficulty of obtaining a very small incoherent source can be ,
LA o
3'; alleviated. Experimental results obtained with this encoded incoherent :'.
L %
"
. source are given. Comparisons with the results obtained by coherent -
{
N processing technique are also provided. We have concluded that the .
v, N
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r
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incoherent proceésing technique offers a better artifact noise suppression

and 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
toth 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, Ai, should be < 640
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For the spatial coherence requirement the image deblurring depends on
both the deblurring ratio Aw/w and the smeared length w, If the deblurring
ratio Aw/w = 1/10 and w = tmm. 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 periocd of the encoding mask, ie., d/D. 1If
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].

The nonlinear behavior of the partially coherent optical processor,

AT . a"a )

when considering either intensity or amplitude distribution input signals,
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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 source size) 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 = pyfal, 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 A\ for a wide strip of
spatial filter Ax in the spatial frequency plane, a diffraction grating of
sufficiently high frequency py 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 8A, 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.
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2.6 Source Encoding and Signal Sampling (Section VIII)

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.

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
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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

v

B

b

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

g’ synthesized by optical coating techniques, while the fan-shaped amplitude
filter is obtained by a 1-D coherent processing technique.

3& By comparison of results obtained by the broadband image deblurring
with the narrow spectral band and coherent techniques, we have seen that

i

the results obtained by the broadband deblurring offer a higher image

g; quality. We have also shown that the broadband deblurring technique 1is
very suitable for color image deblurring. We have provided several color

ig image deblurring results obtained by the broadband deblurring technique.

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

i' color reproduction is very high and the quality of deblurred image is
rather good. Although there is some degree of color blur due to chromatic

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

!. higher-quality achromatic transform lenses. Further improvements of the

wh

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

JS higher smeared spectral diffraction efficiency so that a wider spatial band
deblurring filter can be sued to achieve a higher degree of deblurring.

gﬁ 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

Eg 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,

qp 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
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 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 Fourler 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
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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 to0 noise perturbation at the input and Fourier planes is
measured, The experimental results, except for amplitude noise at the
input plane, show the claims for better noise immunity, if the optical
system is operating in the partially coherent regime. We have also
measured the noise performance due to perturbation along the optical axis
of the system. The experimental results show that the resulting output SNR
improves considerably by increasing the bandwidth and source size of the
illuminator. The optimum noise immunity occurs for phase noise at the
input and output planes. For amplitude noise, the optimum SNR occurs at
the Fourier plane. 1In 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,
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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
white-light source, the speech spectrograms thus generated are frequency
color-coded resulting in easier visual discrimination. The
temporal-to-spatial conversion of speech signal is accomplished by means of
density modulation with a CRT scanner. The scaling procedure of the speech
spectrogram as well as the frequency resolution limit of the system 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.

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

i~ 4

smeared Fourler spectra. In contrast to the low-resolution digital image,

the white-1ight method generates a high-quality color-coded product. This

oY,

image is free from coherent artifact noise because coherent light sources

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

o7

of applications. Three bands of multispectral Landsat data were processed

;S using 70 mm black-and-white film negatives. These false-color encoded
- images allowed for discrimination of various Earth surface features.
9 53 Forests, agricultural lands, water, urban areas, and strip mines could be
5} shown on the images as each of these thematic classes were displayed as a
>
different color.

EE 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,

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

c}'

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

powerful teaching aid while providing a system capable of optical

Lo
processing usually associated with complex optical systems. Experimental
J a; results are provided for four processing techniques applied to the system.
The methods applied are: scanning optical correlation and convolution,
E§ color schlieren optical processing, processing of bubble chamber event

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

k=3

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

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

xrLd

-

utilized in undergraduate optics laboratory courses.
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2.21 White-Light Talbot Interferometer (Section XXIII)

In this research, we have developed a method for real-time
color-coding of 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 {lluminated 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 [26].

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

of 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

g; processing dimension of wavelength and the inherent ability to reduce

o coherent artifact noise, make this processing scheme attractive for many
:8 image processing applications [27].

;: 2.24 Holographic Tomography for 3-D Object Field (Section XXVI)

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

;3 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
l' preliminary application of this concept. The holograhic multiplexing

2 technique provides a series of projected data for tomographic

S: reconstruction. With the algorithm used in computer post-processing, the
'l 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

W much more suitable for convex object fields. This limitation arises from
sg 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
LY
conventional tomographic techniques.
",\\
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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

image. Thus, real-time optical signal processing can be carried out using
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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 [311].

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 c¢olor-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.
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Smeared-photographic-image deblurring utilizing white-light-
processing technique

OPTICS LETTERS / Vol. 6. No. 2 / February 1981 21
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s A white-light-processing technique for smeared-photographic-image restoration is described. A simple technique
e 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-
u 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.
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An interesting application of coherent optical infor-
mation processing is restoration of smeared photo-
graphic images.!-1 However, the unavoidable coherent
artifact noise in the coherent optical-processing system
frequently degrades the quality of the restored image.
Thus, if a smeared photographic image can be restored
with a white-light (i.e.. incoherent) source. then coher-
ent artifact noise may be avoided, and a higher quality
of restored image can be obtained. Attempts to reduce
the temporal-coherence requirement in optical infor-
mation processing have been reported by several in-
vestigators.}'=13  One that uses incoherent instead of
coherent optics has been pursued by Loventhal and
Chavel,!! and the other, which reduces the coherent
requirement while still operating in complex amplitude,
has been pursued by Leith and Roth.!3

We have described!+!® white-light optical processing
utilizing a diffraction-grating technique. We proposed
that this technigue be applied 10 complex signal de-
tection, !¢ restoration of smeared photographic images.1®
and image addition and subtraction.’® Recently we
applied this white-light-processing technique to
multi-image regeneration,!® archival storage of color
films,20 pseudocolor encoding.2!** color restoration of
faded color films.? and color image processing.242> We
have shown that the white-light optical-processing
svstem offers the advantage of artifact-noise suppres-
sion and that the svstem is simple and economical. The
use of the diffraction-grating concept in coherent optical
information processing for multiple-image storage was
first reported by Mueller.26 He also applied the same
concept for color image retrieval.?’ Goedgebuer and
Gazeu?® recently emploved light dispersion with a pair
of prism dispersers to obtain spatial coherence for 1-D
signal correlation.

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 of a deblurring
complex filter.>*29-30 we will briefiy describe a technique
of deblurring filter synthesis.

First we describe the white-light-processing tech-

nique for smeared-image deblurring. As is shown in
Fig. 1, we place a smeared-image transparency in con-
tact with a sinusoidal phase grating at the input plane
P;. The complex light distribution, for a given wave-
length A, in the spatial frequency plane would bel3.14

E(a,B:A) = C,S(a.B8) + CQS(O - ;—fpo,ﬁ)

+ C35(a + MPO-B) v (1)
2x

where S(a,8) is the Fourier spectrum of the smeared-
image transparency S(x,v), po is the spatial frequency
of the diffraction grating, f is the focal length of the
achromatic transform lens, (a,8) is the spatial-coordi-
nate system of the Fourier plane Py, and C's are the
complex constants. For simplicity, we assume that the
input transparency is spatial frequency limited and that
the smearing is in the y direction of the input spatial
plane. We further assume that a narrow-band (i.e.,
band-limited) deblurrmg filter, for a given wavelength
Ao. is provided. as is shown in Figs. 2 and 3 of Ref. 15.

If we insert the deblurring filter of H(3) over a narrow
spectral band of the smeared-signal spectra S{a —
(Nf/27)po.31at N = Ao, then the complex light field at
the output plane P, for a given wavelength A over the
deblurring filter. can be evaluated by the following in-
iegral equation:

l T
Sk, vl

,, L)
X\\' . o/;ene

Fig. 1. A white-light optical information processor. 1.
white-light point source: Stx.v). smeared-image transparenct:
Tx), diffraction grating: L, and L-. achromatic transform
lenses: H(.3), debiurring spatial flter.

Reprinted from Optics Letters, Vol. 6. page 102. February, 1981
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Fig. 2. Generation of amplitude filter. S, monochromatic
plane wave; L, cylindrical transform lens.
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where C is a complex constant and H(3) is the de-
blurring filter. The corresponding output-light in-
tensity distribution can be approximated by

I(x,y) =~ j:“ jg(x,3N) |2dA

>~ K AXN|S(x,y) explipox) = h{x)]?, (3)

where AN = Ao (4Ap/py) is the narrow spectral band of
light over the deblurring filter, h(y) is the spatial im-
puise response of H(3), = denotes the convolution op-
eration, and K is a proportionality constant. From the
above equation, we see that the filtered image is dif-
fracted around the optical axis at the output-image
plane Pj.

We now describe a simple technique of svnthesizing
a deblurring filter in which the complex filter is syn-
thesized as the product of an amplitude and a phase
filter. The amplitude filter can be generated by 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 image.!’®> A 1-D
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® of the recorded film equal
to 1.

In the generation of a deblurring phase filter, a
black-and-white bar pattern on a high-contrast film, as
shown in Fig. 3, is recorded. The width of the bar pat-
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
reproduce a number of grav-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 7-phase filter, we used a Ronchi-type grating as
an input object in a coherent optical processor and

X exp dad3, (2)
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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 bar
pattern must be a w-phase filter with respect to the
wavelength 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
75-W xenon-arc lamp with a 100-um pinhole, which
acted as a point source. Since we used a white-light
source, index-matching liquid gates were not used in our
experiments. The spectral width of the deblurring
complex filter used was about 100 A, the center wave-
length Ay was 5154 A, and spatial bandwidth of the filter
contained five main lobes. The results of the first ex-
periments are shown in Fig. 5. A slit aperture of
0.5-mm width was used as a linear blurred object. as
shown in Fig. 5(a). Figure 5(b) shows the deblurring
image obtained with the white-light optical-processing
technique. For comparison we also provide the de-
blurring image obtained with a coherent optical-pro-
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Fig. 3. Phase-filter mask.
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Fig.5. Smeared-image restoration of aslit. (a) Original slit
aperture, (b) deblurred with white-light processing, (c) de-
blurred with coherent processing.

OPTICS OPTICS OPTICS

(@) o) (c)

Fig.6. Smeared-image restoration of the word optics. (a)
Original smeared image, (b) deblurred with white-light
technique, (c) deblurred with coherent technique.

cessing technique, as shown in Fig. 5(c). From Fig. 5,
we see that the coherent artifact noise was substantially
suppressed with the white-light-processing technique.
Compared with the original slit width, the deblurring
ratio obtained with the white-light-processing technique
is about 17 to 1.

As a second experimental result, Fig. 6(a) shows a
linear smeared photographic image of a word optics as
a blurred object. Figure 6(b) shows the deblurred
image obtained with the white-light-processing tech-
nique, and Fig. 6(c) shows the result obtained with the
coherent-processing technique. In our experiments,
an argon laser emitting a wavelength of 5154 A of green
light was used. Again. from the results shown in Fig.
6. we see that the artifact noise was substantially re-
duced with the white-light-processing technique. The
deblurred image obtained with the coherent technique
appears to be sharper than the one obtained with the
white-light technique because of the high spatial co-
herence of the light source. However, the drawback can
be overcome if one uses a smaller white-light source (i.e.,
a pinhole) and a broad-spectral-band deblurring filter
to cover the entire smeared-signal spectrum. Inother
words. a fan-shaped fliter can be used to compensate for
the changing size of the signal spectrum. Design of such
a fan-shaped filter is under investigation. We believe
that such a filter can be svnthesized with a optical-
coating or computer technique.

In conclusion, we point out that linear smeared-image
restoration can be easily achieved with a white-light-
processing technique. Compared with the deblurred
images obtained with a coherent-processing technique,
those obtained by white-light techniques exhibit lower
coherent artifact noise. The white-light-processing
technique described in this Letter possesses the ad-
vantages of both coherent and incoherent processing.
For example, it is capable of processing the signal in
complex amplitude like a coherent processor. and at the
same time it suppresses the coherent noise like an in-
coherent processor. Moreover, the white-light de-

23

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.

We acknowledge the partial support of the National
Science Foundation (grant Eng. 78-06864).

* Visiting scholar from Shanghai Optical Instrument
Research Institute, Shanghai, China.
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SECTION IV

Image Subtraction with Incoherent Source
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Optical image subtraction with complex amplitude
was described by Gabor et al.’ more than a decade ago.
The technique involves successive recordings of two or
more complex diffraction patterns on a holographic
plate and the subsequent reproduction of the composite
. hologram images. A few vears later, Bromley et al.?
1 'E' described a holographic Fourier subtraction technique
t [ with which a real-time image and a previously recorded
hologram image can be subtracted. Although Bromley

- et al. achieved good image subtraction in their experi-
E ments it appears that the illumination for the hologram
image reconstruction must be arranged carefully. In

a more recent paper. Lee et al.3 proposed a method

L e
«

o whereby image subtraction and addition can also be

achieved by a diffraction-grating technique. This

ﬁ technigue involves the insertion of a diffraction grating

§ - in the spatial-frequency domain of the coherent optical
:.; Processor.

R4 However. most of the image subtraction techniques?

require a coherent source. Such sources introduce co-

K herent artifact noise which limits their processing

" capabilities. In previous papers®€ we have proposed

: - a technique of image subtraction that requires an in-

] coherent point source. However. & small incoherent

r:‘ source is difficult 10 obtain in practice. Nevertheiess.

this difficulty can be removed with the source-encoding
technique that is discussed in this Letter.

Oprical image subtraction with the diffraction-grating
technique developed by Lee er ai.? ic basically & one-
dimensional processing operation. Instead of using a
point source of light. one can use a line source perpen-
dicular 10 the separation of the two input objec: trans-
parencies. Since the image subtraction operates upon
the corresponding image points 10 be subtractec. a
strictly broad spatial-coherence requirement is not
needec. Tnus it is possible 1o encode an extended
o source in order 1o obtain a reduced poini-pair spatial
coherence for the image-subtraction operation.

In evaluating the spatial-coherence requirement for

Rt

B

W

.;‘ subtractior. we apply pamalj\ coherent imaging theory

. a1 the spatiai-irequency plane P- of an optical processor.
az shown in Fiz. 1. The mutual coherence functior. is
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Source encoding for image subtraction

S.T.Wu*andF.T.S. Yu

Department of Electrical Engineering. The Pennsvlvania State University. University Porh. Pennsvlvanic 16802

Received March 27, 1983

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

where the integration is over the input plane P,. x» and
x4 are the spatial-coordinate svstems of Po and P,
uolxa, x'9) 1s the complex coherence function at the
input plane P,, f(x9) is the input object function at P,
and can be expressed as f(xo) = Ujlxy = hgt + Uotxo +
ho); O)(x9) and U,{x2o) are the two input object trans-
parencies, and

¢ = 9 —2'11I 9
Kolxg. x3) exp(z 7 Y ) {2y
is the transmittance function between planes P, and P,
A is the wavelength of the light source. and / is the focal
length of the transform lens L,.
Thus the mutual coherence function immediately
after the diffraction grating G. with a spatial period d
= (Af)/h. can be shown 10 be

.o_ ho A

exp [127 — x3| — ex —107—11

d ( N ) P ( M

ho S T

ex —x'g] —expli27 — x3)) ustx; x'3). (D)

p( )\ P )\/{ L5
where we ignored the dc term of the diffractior. grating
and G =1"2]1 = coc‘-, (ho/A1x3)i i a cosine grating.
We note that for compiex image addition of sine grating

should be used. Tne image intensity at the output
piane P, is

Nxy = ﬂuplx;,. x'a)exp 2-——\-;1,) Gxadx s
\ N

(2l

ug(l’s. .1”3) =

where the integratior. is over the spatial-frequency plane
and x; is the output spatial coordinate svstem.

Let us substitute Eqe. (21 anc (31 intu Ec. 41 and
integrate over the spatia,-trequency piane. Considering
only the image terms arounc the origin of the output
piane F,. we have

R0 = D'
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where |u(2ho)| is the degree of spatial coherence. If the
degree of coherence |u(2h¢)] is high, i.e., if u(2ho) = 1,
then Eq. (5) reduces to

10('14) >~ |01(I4) - 02(10[2. lug(Zho)I =~ 1. (6)

Thus we see that spatial coherence is required for
every pair of subtracted image points. In other words,
only a point-pair spatial-coherence requirement |ua(x
— x'9)] = |for |x3 = x’3| = 2hg is needed for the sub-
traction operation.

In source-encoding. we Jet the intensity transmittance
of the encoding mask be

N -
S(x;) = ¥ rect (il——n-q) ) (7)
n=] s

a multiple-slit source, where N is the number of encoded
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 Py, the
spatial coherence function can be shown,”

sin (Nw 5-2;0—:,(2)

. xo—2x'
N sin |7 22—2
ho

Molxg— x'9) =

X sinc

s
. T (xo— X'z)] v (8)
where d = Af/ho. From this equation we see that the
last sinc factor is identical with the single-slit case,
which represents a broad spread of coherence over (x,
— x’9). However, the first factor. for large values of N,
converges to a sequence of narrow pulses. The locations
of the pulses (i.e.. the peaks) occur at evervx = xo = x'y
= n Af/d, which vields a spatial-coherence discrimina-
tion of n(Af/d) over the input plane P;. Thus the
multislit source encoding not only provides the point-
pair coherence needed for image subtraction but also
provides a higher available light power for the operation.
In other words. the multislit encoding utilizes the light
source more effectively so that the inheren: difficulty
of acquiring a small incoherent source can be re-
movegG.

In our experiment & mercurv-arc lamp with a green
filter was used as an extended incoherent source. A
multislit mask was used 1o encode the light source. The

i ’ '

Fig. 1. Image subiraction with encodec extendec Lconeren:
source. S.mercuri-arciamyt. MS mumisit mesa: Ganed G
obrect transparencies. G, cifiraction greting, L. transiotw

iens.
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Fig. 2. Image subtraction. (a). (b) Input object transpar-
encies, (c) subtracted image obtained with incoherent tech-
nique, (d) subtracted image obtained with coherent tech-
nique.

slit width s was 2.5 um, the spacing between slits was 25
um, and the overall size of the mask, which contained
about 100 slits, was about 2.5 mm X 2.5 mm. The focal
lengths of the transform lenses were 300 mm. A liquid
gate, which contained the two object transparencies of
size 6 mm X 8 mm was inserted immediatelv behind the
collimator. A sinusoidal phase grating with a period of
25 um was used in the spatial-frequency plane P;. The
separation between the two input images to P, was 13.2
mm.

In our experiments, a set of binary images as shown
in Figs. 2(a) and 2(b) was used as input objects. Figure
2(c) shows the subtracted image obtained with this
source-encoding technique. For comparison the sub-
tracted image obtained with the conventional coherent
processing technique is shown in Fig. 2(d). As can be
seen. we obtained better artifact-noise suppression by
using the incoherent technique. which results in a better
subtracted image.

We have introduced a source-encoding technique for
image subtraction. We stress that the concep: of source
encoding may be extenaed to other informatuion pro-
cessing operations. We also note that image subtrac-
tion with the encoded extended incoherent-source
technique is generally simpie. versatiie. and economical
10 operate. 1t mav offer a wide range of practical ap-
piications. In adcitior. the technique is aisc capabie
of operating in & real-1ime mode

The authors wish to acknowieage the assistance of H.
Shoemaker anc J. R. Monkowski anc his stuaents of tne
Sohic State Laboratory. The Pennsvivanis State Uni-
versity in the preparation of the encocing masks. We
also wish te thank 8. L. Zhuang for his vaivabie cox-
ments anc suggestions. This work has been scpporied
by U.S. Air Force Office of Scientific Researcr uncer
grant no. AFSOR-81.0148.
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Image subtraction with an encoded extended

incoherent source

S.T.WuandF.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 spaual sampling
an extended incoherent source with narrow slit apertures. The basic advaniage of the source encoding is
w 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 obtsined with this encoded incoher-
ent source are given. Comparisons with the results obtained by processing technique are also provided.

Il. Introduction

One most interesting and important application of
optical information processing must be image sub-
traction. The applications may be of value in urban
development, earth resource studies, meteorology,
highway planning. land use, inspection. automatic
tracking and surveillance, etc. Optical image sub-
traction may also apply to electrical and video com-
munications as 8 means of bandwidth compression.
For example. it is only necessary to transmit the dif-
ferences between the code words or images in successive
cvcles rather than the whole code word or the entire
image in each cvcle te.g.. TV).

Ir 1965. optical image svnthesis by complex ampli-
tuoe subtraction was first described by Gabor e: al.
The technigue involves successive recordings of two or
more compiex diffraction patterns on a holographic
piate and the subsequent reproduction of the composite
hoiogram images. A few vears later. Bromlev e: a!.®
described & nolographic Fourier subtraction technique,
for whick. a real-time image anc a previously recorded
hologram image can be subtracted. Although good
Image subtraction by their experiments had been re-
portec. it appears tha: the illumination for the hologram
image reconstruction must be arranged carefuliv. In

1870. Lee et al ® proposed e xechnique so that image
subtraction and addition can aiso be achieved bv & dif-
fraction grating technique. This technigue involves

The autnors are with Pennsvivanie State University. Eiectrical
Engineering Depariment. University Fark, Fennsvivanie 16807
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insertion of a diffraction grating in the spatial frequency
domain of the coherent optical processor. Good results
by the diffraction grating technique were also reported
in their article. 1n a more recent article. Zhao et al.*
also proposed a technigue of image subtraction utilizing
& halftone screen method. However, their technique
cannot be implemented in real time.

There are several other techniques available for image
subtraction which can be found in a review paper by
Ebersole.> However. most of the optical information
processing technigues require a coherent source 10 carry
out the subtraction operation. But coherent optical
processing svstems are plagued with coherent artifact
noise, which frequently limits their processing cape-
bilities.

We have in previous papers®” proposed & technique
of optical processing with an incoheren: source for
complex signal detection anc im.age debiurring 8¢ We
have also extendec the technique for possible appiice-
tion to image subtraction.}®-* However. to obiair a
spatial coherence requiremen: for subtraction operation
a veryv small source size is needec. but & emall incoherent
source is difficult 10 obtain ir practice. Nevertheless,
this difficultv may be alieviated with a source encoding
{i.e.. spatigl sampling) 1echnique. s0 that the extended
incoherent source can be use¢. We have brieflv gis-
cusseC in & Tecent communication that image subtrac-
tion can inaeed obtain with an encoaec extended
source.*- The basic obiective of source encoding is to
utilize the ligh: power more effectiveiy sc that image
subtraction can be carried ou: with an exiendec inco-
herent source. Moreover. with the use of arn incoheren:
source. coheren: artifact nose can be avoigec. We

siress that this: mage =ubtracn‘on svstem is capabie of
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Fig. 1. Young's experiments with an extended source.

Basically, the optical image subtraction is a8 1-D
processing operation. Instead of utilizing a point source
of light, a line source of light can be used for the sub-
traction operation. Since the spatial coherence re-
quirement for subtraction operation is a point-pair
concept. a strictly coherence requirement is not needed.
In other words, it is possible to encode an extended in-
coherent source 10 obtain a point-pair coherence re-
quirement for image subtraction operation.

Il. Young's Experiment with Extended Source

We will now illustrate the concept of Young's exper-
iment for the source encoding. Let us consider first a
narrow slit of light source S, situated in plane P; to Fig.
1. To maintain a high degree of spatial coherence be-
tween apertures &, and §. the source S; should be very
narrow. Inother words, if the separation between the
two open apertures is larger. the narrower incoherent
source S, is required. It can be shown that, to maintain
a high degree of coherence. the slit size can be approx-
imated by13:14

S = [\(2h0)] B. (1

where R is the distance between planes P, and Pa.

We now consider two narrow slits of light sources S,
and S;. esshown in Fig. 1. If the separation ¢ ‘between
the two sources S; and S- satisfies the relation

Fo=r.m(r.=ro = m), (2)

where the r’s are the distances from sources S; and S»
10 the open apertures @; and @o as shown in the figure.
m is an arbitrary integer. and A is the wavelength of the
light source. the interference fringes due 1o each slit
source are in-phased. anc a brighter fringe pattern can
be observed a: piane P.. With the application of Eg.
(2). we can employ many narrow slit sources since we
wish to obtain a coherent fringe pattern at the output
plane P:. We note the: the separations between anv
of the two slit sources should satisfv the fringe (i.e..
spatial conerencei concition of Eg. (2), If the separe-
tion R between pianes P anc F: is jarge.i.e.. R > ¢.and
R > 2n. tne conerent concitior. of E¢. (2) becomes

£ omo~ NE Oniy 2
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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 linearly as the number of slits increases. Thus
on one hand the source encoding preserves the coher-
ence requirement, and on the other hand it increases the
overall intensity of illumination. Therefore, with ap-
propriate source encoding, an extended source may be
efficiently utiiized.

lii. Spatial Coherence Requirement

We will now adopt the concept of source encoding in
evaluating the spatial coherence requirement for image
subtraction operation. With reference to the incoher-
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 1-D operation, we
will adopt a 1-D notation for our analysis.

In evaluating the spatial coherence requirement, we
use partiallv coherent imaging theorv.13.34 The mutual
coherence function at the spatial frequency plane Py
is

palxzxy) = ff 2 (x 2.2 ) (x2)f* (x9)K ol 3x 3)

X K3 (x5.x3)dx2dx 5, (4)

where the integration is over the input plane Pg: x5, x 9,
x3, and x3 are the position coordinates of P, and Ps,
respectively, us(x2.x5) is the complex coherence function
at the input plane Pg; f(x ) is the input function at Py,

which can be expressed as
f(xg) = Oy(x2 = ho) + Ozlxz + hy), (5)

where Oj(x3) and O;(x2) are the two input object
transparencies and

X2x3
6)
g <

Rolxzxg) = exp(iQr ;
/]

is the transmittance function between planes P, and Ps,.
A is the wavelength of the light source. and f is the focal
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length of the transform lens L,. Equation (4) can also
be written :

ualxgz.xg) = ff wolx4.x9)[Og(xg = ho) + Oglxg + ho)]

X |07 (xz = ho) + O3 (x5 + hy)]

X exp(i21r ﬁX:)‘_—,I‘dg)dx';dx'7. (7)
where superscript * denotes the complex conjugate.
It is clear that the mutual coherence function im-
mediately behind the diffraction granting G, with a
spacing period d = (Xf)/hy, is

ualxz.xy) =

ex (z’"rﬂx)—ex (—i”rﬂ)x )]
p -.A/ 3 pi—ie N 3

X

exp(-i2rﬁgx')-exp(i”rﬁ‘x')]u tx3.x3), (8)
VA VAL alx3.x3),

where we ignore the dc term of the diffraction grating.
The image intensity at the output plane Py is
X: = x4

Ixg) = ffu;,ua.xj,) exp N

where the integration is over the spatial frequency

plane. and x4 is the output 3patial coordinate svstem.
By substituting Eqgs. (7) and (8) into Eq. (9) and in-

tegrating over the spatial frequency plane, we have

i2r

n)dxadx';. (9)
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IV. Source Encoding

We will now search a source encoding so that point-
pair spatial coherence can be established. We will
adopt the concept of Young's experiment that we de-
scribed in a previous section. Now we insert a mask
transparency for the source encoding at the front focal
plane P, of the collimator L, as shown in Fig. 2. The
spatial coherent function u(x2.x5) over the input plane
P can be written!3

ulxgxg) = [ Stx K yix 132K (xy.xp0dx,. (14)

where S(x,) is the intensity transmittance function of
the mask. and K;(x,.x2) is the transmittance function
between planes P; and P,. We assume that the mask
1s located within an isoplanatic patch, and K (x1.x2) can
be written!3

Ki(xy.x9) = expi

2ww+({x:-x1é)]v (15)
M f
where ¢(x) is the wave aberration of the collimator, and
b is the distance between the collimator and the input
plane P,.

We note that if b is sufficiently small, i.e.. (b/f)x 1may
&« x9, the transmittance function of Eq. (15) can reduce
to

Iz = ffuug.x'z)[o,ug — ho) + Oglxz + ho)][O}(x) = ho) + Oxtxz + ho))

cjotxg + x4+ holdlxg + x4+ ho) + 8lxg + x4 — hold(xy + x4 = ho)
— blxp+ X+ Rplblxs + 24— hol —0txg + x4 — ho)dlay + x4 + holdxodx,,  (10)

where 6(x) is the Dirac delta function. Let us assume
that u(xg.x7) takes the form u(xs — x,) and u(x) =
p*(—=x). If we evaluate Eq. (10} termwise and note that
the input images are spatially limited, we have

](X“ = u‘O)“O](—XA)!Q “+ |OQ“'X4)I2] - y(?.ho)O)("x‘)O; (=xq)
~p* (2h)07 =2 ) 02(=24) + p(0)[011—x¢ = 2ho)|*
+ (0gi=x4 = 2)10”2]. (1n

where u(2hg) = jul(2hy)| exp(io) is a complex quantity.
We stress that phase factor ¢ can be avoided by ad-
justing the grating position G.

We now consider only the image terms around the
origin of the output piane P,.

Tol=x4) = {ul2ho}||Oq (x4t = Oz OV?
= |1 = Ju2ho)|}[| Oz M* = |02z 1. for ¢ = 0.

(12

From Eq. (12) we see that the first term is propor-
tional to the intensity of the subtracted image. anc the
second term is proportional to the sum of the image ir-
radiances. where |u{2h¢)] is the degree of spatia. co-
herence. If the degree of coherence |u(2h0)] is high. i.e..

u(2ng = 1. Eq. (12) reduces to

To=x4t = [Guzxgr = Oatx M5 for jw(2nphi = 1. 13
| |

Thus we see that the spatial coherence is only needed
for everv pair of points :x: — 3. = 2n(. In other woras.
oniv & poini-pir spatial coherence is reguirec for

subiraclion operation.
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Kilx;.xg) = exp[i

By substituting Eq. (16) into Eq. (14). the spatial co-
herence function becomes

Mixg.Xo) = expifelxa) = etxp)]

.

x {8z, exp

im = xe = x.oMCx ;
.

From the above equation we see tha: the spatial cc-
herence function is the Fourier transform of the mask
transmitiance function moguiate€ by & phase rwave
aberration) factor. However. the phase aberration wil,
not affect the degree of mutual coherence jutxz.x-1. In
the remaining analyvsis. we shall ignore the phase abe:-
ration anc assume tha: utx-.x-) takes the form uix: —
Xg).

Now we evaluate the degree of coherence ,u(2h i’ for
two differen: cases. We will first evaluate & single-s.it
encoding. i.e..

Sixyi= rect (x50, 18

where ¢ is the elit widtn. By substituting E¢. 1181 intc
EG. (17 we have

-t

WX: = Xt ®sine—z -
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Table |. Spatial Coherence Requs for Single-Si Mask
s/d 172 1/4 1/10 1720
u(2ho) 0 0.756 0.936 0.988

period of the grating G.d = (fA\)/h¢. if weletxy — xo =
2ho = (2fA\)/d, Eq. (19) can be written

.

u(2ho) = sinc(21r 5) . (20)

Thus we see that the degree of spatial coherence
|4(2ho)| depends upon the ratio of the slit width s to the
spacing d.

To gain a feeling of magnitude, we provide several
values of u(2hg) in Table 1, from which we can see that
a high degree of spatial coherence can be attained only
through a very narrow slit. For exampile, if the spacing
of the grating d = 25 um, to achieve a high degree of
spatial coherence a slit width s < 2.5 um should be used.
Thus it makes the source too weak for a practical pro-
cessing operation.

As noted in the previous section, the spatial coherence
requirement for image subtraction is a point-pair
problem. It is possible Lo encode the extended source
with N number of narrow slits. Thus with a multislit
source encoding. an N-fold light power can be used for
the image subtraction operation.

We will now let the intensity transmittance of the
encoding mask be

N - nd"
Stxy)= T rect(’ = ) . (1)
nel L
where s is the slit width, and d’ is the spacing between

slits.
By substituting Eq. (21) into Eq. (17), the spatial
coherence function becomes

where x = x: — x,. From the above equation we see
tna: tne last sinc factor is identical 1o the single-slit case
of Eq. (19), which represents 2 broac spread of coher-
ence over x. However. the first factor for large values
of N converges 10 a sequence of narrow pulses. The
locations of the puises ti.e.. the peaks) occur at every x
= x; = x- = n(A:d'). Thus this factor vields the fine
spatial conerence discrimination at every poini-pair
separated at distance (Af/d’} over the input piane Ps.

1f we let the =pacing of d' equal the spacing ¢ of the
liffraction grating G (i.e.. ¢ = C). the spatial coherence
of Eg. (22) pecomes

KX ®—————— —gnciT — . (231

where we substitute ¢ = (A/) h.. From Eq. (231, we see

thate seguence of narrow le‘é‘ ofeurs gl Y = X & X,

= ns..WDErer Is ar integer. anc tneir pear \‘al;;es are
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Fig. 3. Coherence function obtained with multislit source encoding,
where x = |x; — x,| and s/d = 1.5

weighed by a broader sinc factor. as shown in Fig. 3. It
can be shown that the width of the pulses is inversely
proportional to the number of slits N. Thus the mul-
tislit source encoding not only provides & point-pair
coherence requirement for image subtraction but aiso
a higher available light power for the operation. In
other words. the multislit encoding utilizes the light
source more efficiently, so that the inherent difficulty
of acquiring a small incoherent source can be alle-
viated.

V. Temporal Coherence Requirement

So far we have considered only the quasi-mono-
chromatic light. but the effect of the temporal coherence
has not been discussed. Since the scale of Fourier
spectrum varies with wavelength. there is a temporal
coherence requirement for every processing operation.
With this consideration. we must limit the temporal
bandwidth AX of the source so that the dispersec Fou-
rier spectra will not spread bevond the aliowable limit.
In the image subtraction operation. we should limit the
spectrum spread within & very small fraction of the
grating spacing . L.e..

[lpmfaN/ori« . 25

where p,, is the highest anguiar spatial frequency of the
input objects. 7 is the focal iength of the transform lens.
and AM ic the spetial banawidth of the source.
Thereiore. the temporal bandwidih of the source shouid
be limited by the foliowing inequaiity:

AN o-

— K

A role,
where A is the center wavelength of the light source. and
2h. is the separation of the input images.

Togam p'acnca‘ feeling. we let iy = 6.6 mm. N\ =
53481 A anc wake z factor of 10 07 E¢. (231, The temporal
bancwid:h reguirements A for various values of spatial
frequencies 4:.. are tzbuiated in Tabie 1. We see tnar,
if the spatia. irequen.y of the input oD)ects It jowm. &

or (”"‘.”E’“ ‘.’E; Can C\\'C". ol lne .‘.E.’.Z SOUTCE can De
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Tabie H. Temporsl Coherence Requirements

£2 (lines/mm) 05 1 5 20 100
&7

AMAY 166 83 16.5 4.1 0.8

used. In other words. the higher the spatial frequency
of the input objects, the narrower the temporal band-
width required. We assumed that all the lenses are
achromatic.

Vi. Experimental Results

In our experiments, a mercury arc lamp with a green
filter was used as an extended incoherent source. A
multislit mask was used to encode the light source. The
slit width s was 2.5 um. the spacing of slits d’ was 25 um,
and the overall size of the mask was ~2.5 X 2.5 mm?,
which contained ~100 slits. The focal length of the
transform lenses was 300 mm. A liquid gate containing
two object transparencies of ~6 X 8-mm? size was in-
serted immediately behind the collimator. A sinusoidal
phase grating with a spacing period of 25 um was used
in the spatial frequency plane P3 of Fig. 2. The sepa-
ration between the two input images to Po was 13.2 mm.
We evaluated the coherence area at the input plane P,
as ~75 X 75 um?. We note that the coherence area is
rather small and the spacing of the diffraction grating
should be accurately matched with the spacing of the
slits.

e e e R A Y e N N A N
N RN 'y "
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For our first demonstration. we provide two contin-
uous tone images as input object transparencies as
shown in Figs. 4(at and (b). By comparing these two
figures. we see that a liquid gate was withdrawn 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
processing technique. From ¢he result obtained with
the incoherent technique. a proiile of a subtracted liquid
gate can be seen. While from the result obtained with
the coherent technique. the subtracted image is severely
damaged by the coherent artifact noise. Thus we see
that the incoherent technique offers a better image
quality and contains virtually no coherent artifact
noise.

Although a liquid gate was used in the experiment,
however, the phase fluctuation created by the density
fluctuation of the photographic film cannot be com-
pletelv compensated. As Chavel and Lowenthall6.17
have shown. incoherent processing can indeed suppress
the phase noise effectively, which can be seen from Fig.
4(c).

For our second demonstration, we again provide two
continuous tone objects of a parking lot as input object
tranparencies, as shown in Figs. 5(a) and (b). From
these two input object transparencies. we see that a dark
gray small passenger car in a parking lot as shown in Fig.
5(a) 1s missing in Fig. 5(b). Figure 5(c) is the result of
a subtracted image obtained from the incoherent image
subtraction technique as described in this paper. In

L&InEC WITn En noCnetent

Fir s Imaresuntractuion: contuinuous tone ot cz anz b onpute
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THRE PENNSYLVANIA STATE UNIVERSITY

University Park, PA 16802 (U.S.A.)

VISUALIZATION OF COLOR CODED PHASE
VARIATION WITH AN INCOHERENT OPTICAL

PROCESSING TECHNIQUE

S. T. WUM™. F. T. S YU

MOTS CLES :

Tranement des images en lumiére incohérenle
Objets de phase

SUMMARY : An object phasc color encoding technique which
uses a dual color optical processor with encoded extended incohe-
rent sources is presented. This technique provides fine detail of the
object phase variation between fringes. including both the positive
and negative phase variations. Experimental demonstrations of this
color encoding technique are given.

1. — INTRODUCTION

The study of phase objects has generally depended
upon interferometric technigues {I.2]. For slowly
changing object phase variation the measurement
could be very accurate by measured with those inter-
ferometric techniques [3]. However, for phase objects
such as living cells which contain fine structure,
interpretation with the interferometric technique is
usually difficult. if not impossible. Frequently in the
study of phase objects of this type it is necessary to
produce an image irradiance which is related 1o the
phase of the object.

The Schlieren technique [4,5) and differential
shearing interference microscopy [6, 7] both produce
an image irradiance that is proportional to the deri-
vative of the object phase. Although the differential
techniques provide visualization of shapes and sizes
of the phase objects. they are not able to detect the
detailed phase variation between fringes. Neverthe-
less. the total shearing interference microscope is
capable of producing fringe patterns superimposed on
a phase object. but the application is limited to eva-

(*) Visiting scholar from Shanga: Institute of Opuics and Fine
Mechamcs. Academia Sinica (China).
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KEY WORDS :

Incoherent optical processing
Phase objects

Observation des variations de phases codees
en couleur

RESUME : On présente un processeur optique permettant de
coder en couleurs un objet de phase. Cette technique permet de
mettre en évidence les petits détails de I'objet.

luation of simple isolated phase structures and it
is difficuit to apply for the more general case of phase
variation.

One technique available for detecting the phase
object whose image irradiance is proportional to the
phase variation [8.9)] is limited to very small phase
variation-in the order of a fraction of a wavelength.

The concept of detecting large phase variation by
differentiating and integrating to obtain an image
irradiance proportional to phase variation was pro-
posed by DeVelis and Reynolds [10) and was sub-
secquently carricd out by Spraque and Thompson [11]
with a coherent optical processing technique. They
have been successful in obtaining an image irradiance
which is proportional to a large object phase variation.
However the technique is rather elaborate and the
phase detection is not a real-time operation. Moreover,
since the system utilizes a coherent source. the annoy-
ing coherent artifact noise cannot be avoided.
Although the multi-beam interferometric technique [2)
is able to produce sharper fringe patterns. the techni-
que cannot display the phase variation between the
fringes with a singie monotone fringe pattern. The
phase variation between the fringes is capable of
being detected by simultaneously changing the view-
ing angle. reference beam. or wavelength of the
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light source. In a recent paper {12). Roblin and Sherif
described an clectronic scanning technique, based on
phase modulation interferometry, for detecting phase
variation between the fringes. But this scanning tech-
nique requires complicated electronic circuitry and
the operation is rather cumbersome.

In a recent paper we have proposed a technique of
encoding an extended incohcrent source for image
subtraction [13]. We will extend the same basic opti-
cal processing concept to the detection of object
phase variation with a pseudocolor encoding techni-
que. Since this technique utilizes incoherent sources,
high quality color-coded phase variation patterns
can be visualized. We stress that this incoherent pro-
cessing technique may alicviate certain drawbacks
of the previous techniques, and the processing system
is rather simple and economical to operate.

1I. — OBJECT PHASE DETECTION

We will now describe an incoherent optical process-
ing technique for object phase detection, as depicted
in figure 1. From this figure. we see that two
encoded extended incoherent sources, each for a dif-
ferent color of light (i.e.. red and green) are used for
the processing. The purposc of using a source encod-
ing mask to achieve a point-pair spatial cohcrence
requirement for the image subtraction operation
was discussed in our previous articles {13, 14},

In pseudocolor encoding, we insert a phase object
exp[ip(x. y)] in one of the open apertures in the
input plane P, and two sinusoidal gratings. G,
and G,. in the spatial frequency plane P, which are
described by

(1) G, =1+ sin(h,p, + 0).

ZIRCONIUM ARC
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and
(2) G, =1 +sin(yp,)

where 2 /i, is the separation of the O, and O,.
p,=Q2nx)s, [ and p, = (2 ra)s, / arc the spa-
tial frequencies of the gratings. », and /, are the red
and green color wavelengths, a denotes the spatial
coordinate in the same direction of p, [ is the focal
length of the achromatic transform lens. and 6 is a
phase factor that we introduced. We note that 0
will play an important factor in the color encoding
process.

By a straight forward but rather tedious computa-
tion, the irradiance near the origin of the output
image plane Py can be written [13}.

(3) Kx.y)

L(x y) + 1(x.))

K{1l —cos[g,(x.3)+ 0]} +
+ K{1 —cos[p(x.3)]}.

where /, and /, denote the red and green color image
irradiances, ¢(x. ») is the phase distribution of the
object, 0 is a constant phase factor that we have
introduced (by shifting one of the gratings), and X is
a proportional constant. We note that the phase
distributions ¢,(x, v) and @,(x. 1) are slightly dil-
ferent because of the dilferent wavelength illumina-
tions. From Eq. (3). we sce that a broad range color
coded phase fringe pattern can be visualized.

In color mixing analysis. we would use /, and [,
to form a 2-D orthogonal coordinate system.‘as shown
in figure 2. The values of color mixing irradiance as a
function of object phase variation ¢ for 0 = 0]
80" and 6 = 90". — 90 are plotted in figures 2(a)
and 2(bh) respecuively. Since different wavelengths
(i.e.. red and green) were used in the color encoding,
the color mixing curve as a function of ¢ would not
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Fi1G. 2. — Color encoding mixing curves. (a) = 0", 180" (b)
0= 1 90

gencrally be closed for every 27 cycle. as shown
in the figures. In other words. the phase detection is
more accurate within —xn <o < =

We would now consider a few cases of the color
mixing procedure. For example. if ¢ = 0. the locus
of the color mixing curve lies near the 43 degree
angle of (/,. ) coordinates as shown in figure 2(a).
There is no significant color change in this region to
distinguish the object phase variation. On the other
hand. if & = 180", the Jocus of the color mixing curve
lies near the — 45 degree region (ie.. [, =1 — /)
of the (/,. I) coordinate system, yielding a broad
range of color variation. However. in this region it is
difficult to distinguish a positive from a negative
phase variation (i.e.. + ¢). If we let (0 = 90 the locus
of the color mixing curve extends outward around the
edges of the (/.. /,) coordinate sysiem. as shown in

fhgure 2(h). Thus it provides not only a broad range

of color coded phase variation. but it also provides
two different sequences of color coded bands. so that
the positive and negative phase variations can be
detected. In other words. this color encoded techni-
que is capable of displaving finer detail of phase
variations, including both the positive and negative
phases.
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I1I. — EXPERIMENTAL RESULT

In our cxperiments, a mercury are lamp with a
green filter (5461 A) and a Zirconium arc lamp with
a red flter (6 32R A) were used for the color light
sources. The intensity ritio ol these twa color hights
was adjusted to unity with a variable beam sphitter,

Figure 3(a) shows a monotone lringe patiern of g
phasc object obtained with this incoherent processing
technique. From this figure we see that detailed phase
variation between the fringes cannot be perceived.
Figure 3(h) was obtained with the multi-color tech-
nique as described eariler. The phase factor 0 between
the diffraction gratings G, and (G, was sct to approxi-
matcly 90 From this ligme, we see that a mutucolor
phasc {ringe pattern is formed so that considerably
morc detail of the phase variation between the fringes
can be observed. For cxample, between the two
ycllow color bands, there s a color variation from
ycllow-to-red-dim yellow-green-and back to yellow
again. The phase angie between these two color bands
is 300, Il we reler to the color mixing curve of
Jigure 2(b). then the phase variations corresponding
to the color bands shown in figcure 3(h) arc
0 — [R(r = 2280 o 3140 — 36", Therefore we see
that there is a positive increasing phase variation from
the upper yellow band to the lower band.

Figure 4(a) shows another monotone phasc fringe
pattern of a phasc object obtained with this technique,
in which dctail of the phasc variation between the
fringes cannot be determined. For example, i we
take the cross scclion along the line A-A ol the phase
object between the two arrows. as shown in the figure.
then there arc four possible phase variations that may.

“ be interpreted, as shown in figure 5. With a monotone

fringe pattern it may not be possible to retricve the
actual object phase variation. However. with the
multicolor phase fringe pattern of figure 4(b ). we are
able to identify the detailed phase variation between
the fringes. To illustrate. if we take the same cross
scction A-A. then a sequence of color bands from left
to right. i.e.. green-dim veliow-red-vellow-red. can
be observed. Referring jo the color mixing curve of
figure 1(b). this sequence of color bands
represents a sequence of phase angles of
J13 = 25 = R0 ~ 90 — IR Thus this region
represents a phase depression object. which corres-
ponds 10 the case of figure 5(aj.

IV. — CONCLUSION

In concluding this paper. we would note that. object
phase variation can be visually studied by a color
coded incoherent processing technmique which uti-
lizes a modified complex image subtraction scheme.
The object phase distribution within the range
— 7 € ¢ €« can be detected with less ambiguity
using this multi-color coding scheme than by using
a2 monochromatic scheme. This technique offers the
capability of detecting finer detail of the object
phase as compared with the other interferometric
techniques. Since inexpensive incoherent sources are
used. the mulucolor techmque may ofler a wider
range of applications. In the case of microscopic phase
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b)

YELLOW

F1G. 3. — A color-coded object phase variation. (a) Monotone
phase Jringe patiern. (b) Color-coded fringe pattern.

a)l

DIM
YELLOW

GREEN RED
YELLOW
RED
A e —_— A
b

FiG. 4 — A color-coded phase object. (a) Monotone fringe patiern.
(b) Color-coded fringe pattern.

object observation. the system can be designed 1o fit
within a microscope system. In addition. the techni-
que may not be restricted only to phase object visua-
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FiG. 5. — Four possible obyect phase variations for figure 4(a).

lization — it may be.used in other fields as well :
study of birefringence and interference figures in
polarizing microscopy and crystallography : distinc-
tion between compressed and stretched photoelastic
areas: analysis of the aerodynamic pressure varia-
tions examined inside a wind tunnel by the stereoscopic
tcchnique . analysis of wavefronts 1o 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 Requirement
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Coherence requirements for partially coherent optical

processing

S.L.ZhuannandF. T. S. Yu

The mutual intensity function for a partially coherent light is used 10 develop an expression for the cutput
intensity distribution for & broadband optical information processor. The coherence requirement for
smeared image deblurring and image subtraction is then determined using the intensity distribution. We
also quanutatively show the dependence of coherence criteria on the spectral bandwidth, the source size,
debiurning width, spatial frequency, and the separation of input ohject transparencies.

I. Introduction

Optical systems perform myriad sophisticated in-
formation processing operations using coherent light.’-?
However, coherent systems are susceptible to coherent
ariilc | rnise, which frequently limits their processing
capabilitv. The use of incoherent light alleviates the
noise problem.*=" usually at the cost of a lowered sig-
nal-to-noise ratio due to dc bias. Various workers have
studied optical svstems which employ (a) a totally in-
coherent source®® or (b) a broadband source with re-
duced coherence.!® The question to be addressed in the
paper is. to what degree can we relax the coherence re-
quirement without sacrificing the overall results of the
processing svstem? We use Wolf's!! theorv of partiallv
coherent light 1o develop the necessary coherence cri-
teria for an optical processor. The results are used to
discuss the temporal and spatial coherence reqguire-
ments for the specific problems of image deblurring and
image subtraction.

The nature of optical processing operations gaverns
the spatial and temporal coherence requirements nec-
essary 1o obtain satisfactory results. As svstem con-
figuration varies from one application 10 the other it is
desirable 1o develop a generalized function for the svs-
tem outlpu:t intensity expressed as & function of the
spectral and spatial bandwidths.

Consider the partialiv coherent optical processing
svstem -4 in Fig. 1. Let the source plane P be that
of an incoherent spatialiv extended light source (i.e..

The autnors are witn. Pennsvivenie State Univers:v. Eiecirical
Engineering Depariment. Univers:ty Fari. Pennevivaniz 18200
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white-light source) with an intensity distribution
¥{xg,vo). The input plane P; contains the signal
transparency and also a coding mask (e.g., a sinusoidal
grating) if needed.1?-14 Let the complex amplitude
transmittance at this plane be ¢t (u.v). Its spectrum may
then be processed in complex amplitude by placing a
complex spatial filter f(x,¥) in the Fourier plane. The
theory of partially coherent light can be used now to
write the output intensity distribution,1-16

An+ SA/2 .
Hu' ') = f ff Yixp N} SMC A
Ap=3AS2 -

f Tix + x4, 8 + ye Aty

X

-

T .y
X exp[-—j-;‘j (xu' = y;")}a’zd)- “dxodiadA. (1)
!

where S(A\) and C(\) are defined to be the relative
spectral intensity of the light sovrce and the relative
spectral response sensitivitv of the detector. respec-
tivelv. Ttx 3:Al is the Fourier spectrum of the input
transparency for wavelengih A of the light source. The
integration is performed over the spectral bandwidth
AX of the light source. Ag being its center wavelengtih.

In the foliowing sections we shall use the output in-
tensity distribution given by Eg. (1) te evaluate the
coherence reguirement for image deblurring and image
subtraction of a partialiv coherent optical information
Processor.

Il. Coherence Requirement for Image Deblurring

A photographic image deblurring technigue
emploving 2 white-light source has been described in
previous papers.->i° We jac priefiv stated that the
coherence reguirements cepenc on the smearec length
of the object and the size anc spectral banawidin ¢! tne
light source.:” We shail now cizscuss the tempora: anc
Spalial conerence reguirements for imagfe qetivrnng
separate.y.
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A. Temporal Coherence Requirement

We consider a spectrally broadband point source for
which the intensity distribution can be expressed by a
Dirac 6 function, i.e., ¥(x,¥o) = d(x0,50). The spectral
distribution is uniform over the bandwidth |s{A} = &,
a constant]. If the smeared length W is known a priori,
the output deblurred image irradiance can be derived
from E,q. (1) as

A
Tuw)= f " |Aw v A2 A, (2)
LY

where A\, and A, are the extreme lower and upper
wavelengths of the light source;

- 2
Alu' M = f Tixy:A)f(xy) exp[—j )\_/ (xu'+ yv'»]dxd) (3)

is the output complex light distribution of the deblurred
image due to wavelength A; T(x,3;A) is the Fourier
spectrum of the input blurred transparency t(u.v) due
to A: and f(x,v) is the deblurring filter.

We note that, if the input blurred image is superim-
posed with a sinusoidal phase grating, the blurred image
spectrum will disperse into rainbow colors in the Fourier
plane thus allowing a stripwise design of deblurring
filter for each narrow spatial band in the Fourier plane.
It is evident that the temporal coherence requirement
is limited by the narrow spectral band (i.e., narrow strip)
of the deblurring filter. If the input object is a linear
smeared image, a fan-shaped deblurring filter can be
used to compensate the wavelength variation.!31%
Since each of the narrow strip deblurring filters is spa-
tial frequency-limited over a narrow spectral band. the
coherence requirement for each narrow strip filter can
be equivalently analyzed as the case without the input
phase grating (i.e., the coding mask).

Since the image deblurring takes place at every image
point the linear blurred image transparency may be
represented as
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Fig. 1. Partially coherent optical processing svstem: F,. source
plane; P}, input plane: #’,, Fourier plane: P output plane: L. achro-
matic lenses.

tw.r) = recttu /W), (4)

Tix i = Jltw.e)] = sine

"
—)Jx) . (5)
where [ is the focal length of the achromatic transform
lenses. and

1 (ul < W

rectiu/Wh =1 (6)
Q otherwise.

The deblurring filter is thus
1

Ttx;Ap) W '
sin¢ (-——x)

where Aq is the center wavelength of the light source,
and for simplicity we have adopted a 1-D notation. The
corresponding deblurred image is given by

ftxiha) =

Alu’:h) = f. T(x:N)ftx:hg) exp(-ji—;xu’)dx

4 N

sinc Xof X
where » denotes the convolution operation. By a
straightforward but tedious calculation. illustrated in
the Appendix. the deblurred image of Eq. (8) can be
shown to be

- 1 2r :
= rectiu'/W) » f ———exp(-;—xu’)a:, (8
- w )

Ao 2 TrAe . 27nAa )
T cran sin =—— vy sgniw’y. for fu| > W2
T onml A AH
Awi = (91
iAol 2m Al fmnke
-=2 = =1 cos Ncos——i—_-‘- for fu' € W2,
T nae) A AN

where the series converg
result it can be shown tha
is given by

I Axr e

— A*sinjch, (W) = 6 [chertu

= A2 CO8[Cpn (L IAp )i = 6 e s (I {SitAg) = SitAe ]I,

es for 2m » 1. In the final
1 the output image irradiance

MDY cosjen. (L 1Ag]

for |u'j > W2, (10

"))\'.l. [y .
I an = T =biren (len, TSI = ShoA ]
TS oor onom
610t T IATT CO8ICp, WL 1AL = ATT COS{CR. tu AL ]
~ Bz, LIt siniC .. L = AT smie . A
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For these equations, note that

Ao = Ao/ (A¢ = AX) (12

Ae = Ao/(ho + AN), (13)

Siix) & fls—m'—‘.d_\'. (14)
U

ey = xin — n' N1 = 2u'/W),
aau’) = win — n'N1 + /W),
ey = min + 0 M1 = 2u!/W),
aliu) = i+ 0 11+ 20 W), (15
and
a2 u) = wln(l = /W) = n'tl + 2u'/W)),
e = w[nll + 26 /W) = (1 — /W),
gty = wln(1 = /W) + (1 + 2u'/W)),

ey = xn(1 + W/W) + n'(1 - 2u'/W)). (16}

Equations (10)-(16) provide the mathematical basis
for the evaluation of the temporal coherence require-
ment of a smeared image deblurring process. Plots of
the normalized deblurred image irradiance, defined as
a function of u’ and the bandwidth AX, are shown in Fig.
2. Ao = 5461 A was used for the calculation. It is evi-
dent that if the light source is strictly coherent (i.e., AA
= 0), the deblurred point image is infinitesimal. Also
note that the degree of deblurring decreases as the
temporal coherence of the light source reduces. The
deblurred length AW represents the spread of the de-
blurred image irradiance. 1t is formally defined as the
separation between the 10% points of I(u’). The de-
blurred length AW can be shown to decrease mono-
tonically with AX. Plots of AW as a function of the
spectral bandwidth A for various values of smeared
length W are shown in Fig. 3. 1t may be shown that the
deblurred length AW is linearly proportional to the
smear length W for a given value of AN, The greater
tne smear. the more difficult the deblurring process. In
principie this may be corrected by decreasing the
spectral bandwidth of the licht source. Table I nu-
merically summarizes the preceding analvsis. The
value of A can be regarded as the temporal coherence
requirement for the deblurring process.

E. Spatial Conerence Requirement

The reiationship between the source size and the
image intensity distribution is the kev factor in the
cziculation of the degree of spatial coherence require-
ment for a particular image deblurring svstem. The
foliowing analvsis assumes & 1-D processor for sim-
plicity.

Assume the intensity distribution of the light source
is given bv

X ® TeCT A DS (1%

17 an extenaec monocnromatic light source is used. the

outpur intensity distribution of E¢. 111 becomes

N LA
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Fig. 2. Output intensity distribution of the deblurred image. AA.
spectral bandwidth of the light source, W', smeared length.
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Fig. 3. Plots of the deblurring width AW’ as a function of the spectral
bandwidth of the light source AA for various values of smeared light
W,

Table I. Etiect of Temporal Coherence Requirement

AWTW 1120 1/15 1/10 1/8
AN 270 400 640 750

0
Loy

HORES f rectizo/As) AL xg: M) %ex0. (18}
where

- (W . B2
AwxgA = f smc{r (x = xp)j expk—j —zxu'jcx
- l l. . i

- I €

I
. exp =, —xu'icx {19
v-e fatt VOON
sine T X
anc - denotes the convoluiion operation.
Ecusation '2% can De recuced 10 the form of
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- . .2 . 2
2fAy T (=1)"n exp(j2mau’/W) lexp(j —;TH-U') sinc(er + n) — exp(—j -%u’) sincla = n D]. for ju’l > W2,
n=1
, 2o & . . 1 .
AU xg)) = -—;— T (=D"n exp(27rau’/W) |[—— |1 ~ exp|[j27ia ~ nu'/W] cosmia — n):) (201
ne=] a~n

1 .
+ — i1 - explj2xia + nlu'/W]cosmia + n)i, for ju’| < W/2,
a+n

where a = xoW/()\f).
By substituting Eq. (20) into Eq. (2) and performing  and .
the required mathematical evaluation, the deblurred

. AR . S2im.As) = Sfw(2u’/W £ DE(As) + m]!
image irradiance is found to be (a) for |u’| > W/2: Fm.ds) = Siri2u’/W £ Dlalds) + m]

= Siir2u’ /W £ 1)[~a(As) + m]l,

, 16X (28) .
1M u',As) = 7—;: : 145 (As) cos|2min = n /W) Ciim.As) = C,|x|2u'/W £ 1]|@(As) + m|]
- C|x2u’/W £ 1]] =&(As) + m]].
+ &2 (As) cos[2min + n'lu/ Wi (21) Imi2u Il =ats)+ ml]

Thus the spatial coherence requirement of an image
deblurring process may be evaluated by using Egs. (21)
and (26). The output intensity distribution of this
S;im.As) = S, {2x{a(As) — m)]} = 8,}27|-a(As) — m]i. (22)  process is plotted in Fig. 4.

Recall the definition of the deblurred length AW
stated to be the separation between the 10% points of
C;im,As) = C,[27|a(As) + m)) = C,[2x|a(As) = m]], (23) the image irradiance J(u’). Figure 5 shows the plots of

Note that, in this equation, the following parameters
may be defined:

In addition define

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
Sitx) = f’ﬂp_éds spatial width of the light source increases bevond a
o 8 critical size As., the deblurred length becomes inde-
Cilx) = f’ﬁ'—séda, (24)
s f
G(As) = ASW/(2)), T
and ate0
.(85) = =5 ('n [z aca0) - R
" n=nl" |n-alas) ’
- [(=1"Cn.As) - 1’—1)"'C,,-(n’.As)]} C(2 ' \\\
/i )
, | - // . .
P2 (As) = — lln |2 ﬂ:('m} e e
n'=nl n-alas) / |
- - 8s-0! View: '
—l.—]!”CHr‘_Asi—(—l)’- C;(’:'.As)]]( . *0st ~0.00 008 =008 ~0.L7 C 0?7 00s OOt 20F OK
i

Fig. 4. Output intensity distribution of the deblurrec image for

’ A7 B2 T T . i . .
(b) for |u’| = W/2 we may similariy show various vaiues of the source s1ze \s.

P 16N - . ) . . c
JefAsi s ——— T THEE (A0 ~ S (As sinlinin = niu /W)
Wt T 7
(- . Pagpe Vo . TS
~ ¢5 A0 cosiZmin’ = maL W = &4 As) cos|Emin = n i WL (26)
-
where
. 2n fr—=&iao
¢4 a0 = =i 1R D B
RE=rt - asy)
.y r - - - i
- =11 — = [Coin Asr = Coin . Ash,
ne=n't
.
A5 = ———— 18720 = STinLA0),
nt-n (o=
¢L (A m = inl = - 10T As = CTinas)
re=rn's ’
2 e =T A R
- i — =0 = (o sty
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pendent of As and equal to W. Table II provides a brief
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-
herence requirement is inversely proportional to the
smear length W. That is, the longer the smearing
length. the smaller the source size is required.

lil. - Coherence Requirement for Image Subtraction

Wu and Yu!f have reported an image subtraction
procedure emploving 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 svstem that utilizes an en-
coded extended source. With reference to Fig. 6 the
encoded source intensity distribution may be described
by

I
Y(xg,3p) = rectixp/d)» = d(xg = nD), (29)
ne =N

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 analvzed as such.

The encoded mutual coherence function at the input
plane P; can be written

- 27
Jw;=ugh = f y{xg,50) exp[-} ;—/— (uy — ug)xo]dxo, (30)
or. in regard to Eq. (29),

N diuy — ug)
Jluy~ug = © sinc-l—z

27
= ~ exp[-} )\—/ (uy = ug)nD] .

3D

As shown in Fig. 6 two object transparencies. A(u) and
Biui. are placed at the input plane P;. These can be
represented by

twr=Aw-Hi=-Bu=~H), (32

where the separation between transparencies is 2H.
The mutual coherence function in the P- plane is simply
the Fourier transform of J¢ (u; = uz:h) convolved with
the spectrum of the amplitude transmitiance function
tw). The image subtraction process requires that a
sinusoidal grating of spatial frequency w¢ be placed in
the Fourier plane. Thus the mutual coherence function
benind this grating is given by
Jixpxgh =5 Jw = wn Mt 1t = Csinfrwex !
x o= (Cunlreza. (33i

A final Fourier transform operation due to wavelength
X will give the intensity distribution at the output piane

P

. .
PRIV (r Jixpaphrexp= —tx = xaLCx-Cx;. 134
- ’ N ’
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Tabie II. Eftect of Spatisl Coherence Requirement

120 1/15 110 175
0.5 mm 0.2 0.38 06 0.92
1mm 0.1 0.18 0.26 0.40
2 mm 0.05 0.0¢ 0.12 018
[}
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Fig. 5. Plots of the deblurring width as & function of the source size
for various vaiues of the smear iength W',
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. . NCE
Hu:A) = N{|A(w' = H)2+ |Bw’' + H)%) + 12 sin(2d wo)
X Re|Aw = H + MwolBtu’' + H = Mwol] ~ |Atu' = H + Mwq)|?
- |Bw’ + H = Mwo)|? = |Aw’ = H = Mwo)|® = |Bw’ + H + Mwa) |2, (35)
where Re denotes the real part of | |. From the above
equation we see that there are six diff{acted image terms Aty = dm AW du'm,
at the output plane. If we onlyv consider the diffracted 140)
images around the optical axis of the output plane, from Bmhu'y = dmBw)du' ™
Eq. (35) we have we find that
JTO A = JAlu' = H + Mwe)|? = 2 sinc(2d wp) 19wy = [JAw)]? = 2 sinc(2dual Al ) B’y + |Blu')|7)AA
X Re|Au’ = H + MwalBlu'+ H = Muwo))
+ |Bw + H = Mwl2 (36) + T — uam A
maeven 2M—lym 4 1)
where wo = H/MA/. m=e
1f the slit size d equals zero. the analvsis reduces to - sinc(2duwg) B'™u"))
the case of strictly spatial coherence with the intensity X [} + Bw))(ANm+!
distribution given by
+ A !
I'OWw N gae = |Alu') = B2 (37) - omem —bym e m 4+ 1im'm"
me m’' = even
Equations (36) and (37) show that a high-contrast e
subtracted image requires a strictly spatial coherent X (fuwgm*m A ) A1)
svstem, and that the image quality will decrease as the
Sht “v]dth d increases. - (=™ SinC(szi(ﬂA""NU’)B"""(U’l
To analvze the case of partial coherence assume the + {=1)mem Bimiyy  Bim iy ) AN ML 41

light source has a uniform spectral bandwidth and that
the spectral response of the detector is also uniform [i.e.,
s{\) = k; C(N) = k]. Then the image intensity distri-
bution at the output plane may be given by

Y YA
I'Oy’) = f HA + Mwo)|? = 2 sinc(2dwe)
-AAC

X RelAtu" + Mfwo)
X Biu' = Nfuwg) + |Bu’ = Mwo)l2id)'. (381

where A’ = A = A Aqis the center frequency, and AX is
the spectral bandwidth of the source: wy is the spatial
frequency of the grating. Equation (38) mayv be sim-
plified by using a Tavlor series expansion for the input
object functions. Thus for

1
Al = Mupt= Aw) + — AN N fu )™,

i

|- 3

Biv = Ajug = Buu'v = BMouw Y (N fu g™,

.

PN
3

where
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This equation shows that a high-contrast subtracted
image can be obtained with object transparencies of
moderately low spatial frequency content. In addition
this equation may be used to compute the spectral re-
quirement of the light source.

An example analysis will be presented to develop the
modulation transfer function (MTF) equations. These
will be used to determine the temporal and spatial co-
herence requirements of the image subtraction process.
Assume that the input object transparencies are given
by

Aluv =1, Buw) =11~ Cocos(Zmaul]. 4

where Cq is the contrast of the sinusoidal grating.

In the case of strictiv coherence (i.e.. AX = ¢ = () the
subtracted image produces a contrast reversed image
with intensity distribution

Jotw'r = [Awr = Bw s, (43
or
, 1 CF Ce . , Cr - - ,
Jolu're o e — = = costdruun’t = —costm{Cuii’.  (44)
4 & 2 &

For & partialiy coherent case due 1o Eg. (58). the in-
tensity of the subtracted image can be shown to be

G o0 . :
Jotw v = = = — = sinc/ 2w AN = Col*z = sincilcwel
4 ¢ .

X SIncifwwcdA AN coslEran

~—=smnolwenaMA N coslmrion . 45

Nete the addition of z second harmonic erm
jcosZmiZun’) 1o the basic ifrequency. Tne MTF |
celined as tne ratlo ¢ 1he contrasts of the inpul
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[1 = 2 sinc(2dw)}(2 ~ C}) sinc(fwwad )
10 — C; - & sinc{2d wp!

2 - Chrsin(2 WAA)

MTF(2u) = S (o sin@fuwedd) @

10 = Cj - 8 sinc(2dwg)

As previously stated Egs. (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

first. This requires that the slit width d approach zero.
Equations (46) and (47) will then become

MTFw) = (46)

MTF(w) = sinc{fwwed ), (48)
MTF(2w) = sinc{2fwwodA). (49)

The normalized MTF curves of the basic and harmonic
frequencies are shown in Fig. 7. 1t is obvious that the
contrast of the subtracted image decreases monotoni-
callv 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. 7
The value C,, depends on the maximum resolution of
the output recording material. Figure 8 shows the
functional relationship of the cutoff frequency «,. and
the spectral width A for various values of C,. Itis
possible to determine the spectral bandwidth require-
ment A\ from this figure. The relationship between
the cutoff frequency «. the spectral width AN 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
separation H. Tabie Ill illustrates the dependence of
AM on «, and H. The focal length of the Fourier
transform lens selected is / = 300 mm for calculation.

1 is clear from the table that. as the spatial frequency
and object separation increase. the spectral banawid:h
of the light source musi decrease.

B. Spatial Conerence Requirement

Consider the case of perfect temporal conerence (...
A} = () and partialiv spatial coherence. where Eqs. 1461
nc (47} are of the form
(0= CHI = 2einelcu!
NTF. = —— - ok 150
10 = C: = ¢sinciZcwg
—_— L= Ct
NTF. = — —— . (311
1= C: = 8 sinclZowo!

Note that the MTFs are independent of the object’s
spatial banawidth. The above equations are. however.

oepenae'n on the clit width ¢. This reguires that ine
g-aun; be precisely designed 10 match the separation
of the object transparencies. L.e..
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Fig. 8. Relationship between the cutoff frequency w, and the spec-
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and (51) are shown in Fig. 10. 1t is obvious that to ob-
tain a high-contrast subtraction image the separation
H must be reduced. However, decreasing the separa-
tion between the object transparencies limits the size
of input objects to b« processed. The relationship be-
tween the MTF, the object transparency separation H,
and the slit width d is numerically presented in Table
IV, where the focal length of the Fourier transform lens
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.17-18

A multislit source encoding mask is used for this il-
lustration. The spatial period of the encoding mask
should be precisely equal to that of the diffraction
grating G (i.e., D = 1/wg). The spatial coherence re-
quirement, although independent of the slit size, is
governed by the ratio of the slit width to the spatial
period of the encoding mask, i.e., d/D. The ratio d/D
must be relatively small to achieve a high degree of
spatial coherence. The dependence of the MTF on d/D
is shown in Fig. 11. It is obvious that the subtraction
effect ceases when the MTF approaches zero, i.e., d/D
= 0.3. A few numerical examples are presented in
Table V.

IV. Summary

We have shown that the temporal and spatial co-
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
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 de-
blurring a narrower spectral width of the light source
is required. For example. if the deblurring ratio Aw/w
is 0.1. the spectral width. A\, should be <640 A

For the spatial coherence requirement the image
deblurring depends on both the deblurring ratio Aw/w
and the smeared length w. If the deblurring ratio Aw/w
= 1/10 and w = 1 mm. a slit source <0.26 mm should be
used. For a smeared image deblurring operation the
constrainis of the temporal and spatial coherence re-
quirements are not critical, which can be achieved in
practice.

For image subtraction. the temporal coherence re-
quirement is determined by the highest spatial fre-
quency and the separation of the input object trans-
parencies. 1f the separation and spatia! frequency of
the input transparencies are high, & narrower spatial
bandwidth of the light source is required.

For spatial coherence requirement. the modulation
transfer function. which determines the contrast of the
subtracied image. depends on the ratio of the slit width
10 the spauial pe'iod of the encoding mask.i.e..d/D. 1f
tne ratio /D is low. & higner contras: subtracted image

T be obtained. Forexample. with ¢ D = (.03, 2 rel-

2594 APPLIZD OPTICE Vol 21, NeS. 34 12 yuly 1982
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Table IV. Source Size tor image Subtraction Under Ditterent MTS and
Separation H
Himm)

dimm) 5.0 75 10.0
MTF

0.1 0.0076 0.005 0.0038

0.3 0.0052 0.0035 0.0026

0.6 0.0031 0.0021 0.0015

Hormonic Frequency

MTF
°
*
L

Bosic Frequency

Fig. 11. Relationship between MTF (w), MTF (2w), and the ratio
of the slit width 1o spatial period d/D.

Yable V. Spatial Coherence Requirement for Various d/D
d/D 0.05 0.10 0.20 0.30
MTF 0.85 0.57 0.18 0.006

ativelyv higher MTF = 0.85 can be obtained. Compared
with the image deblurring operations. the coherence
requirements are more stringent for the subtraction
process.

Finallv. 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 1o anv other optical processing
operation.

We wish to acknowledge the support by the U.S. Air
Force Office of Scientific Research grant AFOSR-81-
0148.

Appendix
To prove the following relationship:

e ] o~ 47N
f ——expk—v—xu]cx=—--—(: (=1n
e m‘x) A / | W oo
sine {—

\ )\(nf

o

S -

AW

X sin sgniu 'l

Al

we let x/N/ =7, and A/\ W = [,
The probiem then recuces 1o finding the solution
for
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Af! f‘_rfx—exp(jQr/xu')dfx. (A2)
simxifx)

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

fx = n/l, n=12,.... (A3)
Equation (A1) will be evaluated for the cases of u” > 0
and u’ £ 0. The contour integration. which is taken

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

f. - :f‘ l + f’_w—ﬁexp(—ﬂr/xu’)d/x =0,
o 2 R] sintwifx)

(Ad)

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(j#), > = jOR exptyfhde. (A5)

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

f ;/z—-e).pu_../xu Vdfx = fi— exp(j2~au’)dz
R sintwifx) sintwiz)

- f —2xR2 exp(j27Ru’ cosf) expl~2x R sinbu )6 exp(2/6)
& expUmiRcost + J sinb)] — exp{~)wIR(cosf + j sin#))

(A6)
so that

lim ;-exp(ﬂ—/xu Vdfx = Q. (A7)
k—e JRsintwifx)

But from Eq. (A4) it is easilv shown that as R ap-
proaches infinitv

( — —expulimfxu’idfx = ~%7) © R, (AB)
Joe siniziixn nem=
where
=i expImzL’) '-‘.'V-n exp(JZnwu' /I .
E,,:um(--—) N pifgnzu It ay
7 sintwis =l*
Therefore.

= Ty - S
———expiiIiT L Er =~ ‘— =110 sin — L.
- SINUTIX [l i

feru > 0. (AIO)

The contour integral taken over the lower half of the
plane as shown in Fig. 13 is similariyv given by

s Tir L i
f XD ITxL iy mom = T ety g —
EERN T .
tore <00 &1
Theresuliz o/ Zos. A0 and 1AZ1) 1hus prove that the
€CUaNIV LI ZC. AL noics true
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Abstract. In this paper, the general formulations of the apparent transfer function for the
partially 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
formulas 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 carn be carried out with an incoherent source.

PACS: 42.30. 42.80

The description of a transfer-function for a linear
spatially invariant optical system is an important
concept in image evaluation. The techniques of using
amplitude and intensely sinusoidal objects as input
signals to determine the transfer characteristic of a
coherent and an incoherent optical system has been
investugated previouslv [1. 2]. In the past. the concept
of system transfer function has been used as a criterion
te evaluate the image quality of an opucal svstem.
However. 2 strict coherent or incoherent optical field is
2 mathematical idezhization. An optical field that
occurs in practice consists of a very limited degree of
coherence. because the electromagnetic radiation from
a real physical source is never sirictly monochromatic.
In reality. 2 physical source cannot be 2 point. but
rather a finite extension which consists of many eie-
mentary ragiators.

The opiical svstem under the partially coherent regime
has been studied by Becherer and Parrent [3]. and
Swing and Clav [£]. Thev have shown that there are
difficulties ir. appiving the linear svstem theory to the
evajuation of imagery at high spatial frequencies.
These cifficuities are primarily due 1o the inapplica-
bility of the linear svstem theory under parualiy

v Visiung saienust from Shanghai Opuca!l instrumen: Research

Insutute, Shangza: Chine

coherence regime. Nevertheless, using a sinusoidal
analysis. an apparent transfer function for a partially
coherent optical system was obtained. The result is
appreciably different from those that would have been
obtained from a linear svstem concept. either in in-
tensity or in complex amplitude. In a more recent
paper. Dutta and Goodman [ 5] described a procedure
for sampling the mutual intensity function so that the
image of a parually coherent object can be
reconstructed.

In this paper. we shall show that an apparent transfer
funcuon for an optical information processing system
can be derived from a parually coherent iliuminator.
We shall show that the apparent transfer function of a
pertially coherent optical processor is dependent upon
the temporal and spatial coherence of the light source.
We shall also show that. the concept of transfer
function is & valuable one that car be used as a
criterion for selecting an appropriate incoherent light
source for a specific information processing operatiorn.

1. Apparent Transfer Function for Temporal Coherence

In & recent paper [6]. we have evaluated the coherence
requiremen: for a perually coherent opucal infor-
mation processing svstem. We have showr that the

tempoera, anc spaual conerence regcuirements are. re-
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spectively. dependent upon the spectral bandwidth and
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.
And for the evaluation of the spatial coherence re-
quirement. we let monochromatic source with finite
extent. In the evaluation of the apparent transfer for a
partially coherent processing system. we shall also use
these basic approaches.

We shall now evaluate the relationship between the
apparent transfer function of an optical system and the
spectral bandwidth of a light source. Let us now refer
1o the partially coherent optical information system of
Fig. 1. We note that a diffraction grating is used at the
input signal plane (u.v). The purpose of using a
diffraction grating at the input plane is to disperse the
input signal in the spatial frequency plane (x, y) so that
a high spatial coherence can be achieved in the Fourier
domain [7]. Thus the input signal can be processed in
a complex amplitude. rather than in intensity, with a
broad-band incoherent or white-light source. By using
the parual coherent theory [8], we have computed a
general output intensity distribution for the partially
coherent processor. as shown in the following [7]:

o~ 4822 at.
Iniy= [ [T 5(xe. yols(2)e(2)
- 822 —x
] x —jﬁlxu'-w') 1=
x|} Tixg=x— 2fPoyo+ I X 0e T4 ' a'xdyi
P-=

“dxodyodr., (1)

where ., and 4. are the central wavelength and
speetral width of the light source, 7(x,. v, 1s the source
intensity distribution. s(2.) and ¢l2) are the source
spectral distribution and the spectral sensitivity of the
recording material. respectively. f{x.y) is the filter
function at the Fourier plane. Tix,y) is the Fourier
spectrum of the input signal and p, is the spatial
frequency of this diffraction grating. For simpiicity. we
assume that both st2) and ¢i/) are constants which can
be ignored in (1). We now use 2 sinusoidal input object
transparency to evaiuate the apparen: transfer func-
tion of the optical processing svstem. The overall inpw:
sigrnal transmitiance. that inciudes the diffracuion grai-

e R

Fig. 1. A parually coherent optical information
processor. (L: achromauc transform lans: p,:
source plane; p,: input plane: p,: spaual fre-
quency plane: p,: output plane)

ing, can be written as:
Kuj=(1+ccos2nwull +cos2apyul. {2)

where w is the spatial frequency of sinusoidal signal
and c¢ is the contrast. For simplicity. we use a one
dimension analysis. Thus, the output intensity distri-
bution of Eq. (1) can be reduced to:

Ao+ 442 «

I, 42)= | [ xo)Alxg.u's 2)Fdxodo. (3)
Ap— Al‘.:‘z -«

where

Alxg.u': 2)= | T('xo.x:/'.)f(x)e-jﬁx".dx. (4)

is a complex amplitude function.

In order to achieve a higher temporal coherence
requirement for the complex filtering process. we limit
the spatial filier f{x,y) to a finite extension in the x
direction, i.e.,

_ x=2fpy ,
Sf{x)=rect {———Ax } (5)

where 4x is the spatial width of the filter. and the filter
is centered at x = /fp, in the spaual frequency piane.
Since the Fourier spectrum of the input signal a: the
spaual frequency plane p. is:

-4

T(xg.x: 2= | (1=ccos2zou
S .
- —J;—unx(-x‘_
(1 —=cosZnpoute "/ du (61
we oblain:
. X=X\ ¢ X=X
Tixg.x: r1=6]=% -6 === -uwl
v /. ! 20 4
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Apparent Transfer Function

co_ Xg+X ’\
2 ( 7 —Po w)

€ [Xo+X

- 7
+4¢5( 7 +(p,,+w)) (7)

where p, > w.
In opuical signal processing we focus only the first-
order terms of (7) in the following

. 1 +x ¢ [Xy+x \
Tixg.x:2)= Eﬁ(lo/f —po) + Z(S(—(/f— —(po— (u))

X+ X
+ - 6( 7

—(po-é-w)) (8)

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

o " M .27
- . X=17 -j—xu’
Alxgu' s a)= | rect{—fpﬂ}e 5T ax
y ax

-

| X+ Xx . -'zixu‘
= | -6(( -'»po)e T dx

R

« x=ifpo) -ia
+ [ rect{i—=2%e A/ gx

Za Ax
-_j1§6<\“/x+p —w)e 7 dx

. xc e
_ ECJ—t(TZ °u)u rect ’[.\(, /fw}
2 L oax |
. _f3C . - r,
- Ee'l’:(’_:-u) rect -['\( -/fw}\'e‘).‘mw
< | ax

where » denotes the convolution operation.

We now consider the effect due to temporal coherence
Let us now assume thai the incoheren! source is 2
point source. 1.e.. 3(Xyl=0(X,). thus (3) becomes

o= 4/ 2

hw'.47) DZVAR L 2ds

"
o=
b~

iemaizs B

c - . .
— oS LT lomirelt —— ds. 1101
¢
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where 4/ 1s the spatial bandwidth of the light source.
In the following. we shall attempt to evaiuate the
output intensity distribution of (10) in the following
separated cases:

4x
(2a+44)("
bution of Eq. (10) becomes

'’ A

_[!
_lz+

(i) for w< the output intensity distri-

-
P4

C
cos("muu )+ ?cos 2n2wu )]A/ (11}

’x'l“u
|J|f\

where the image contrast for both basic and second
harmonic frequencies are

4c
Wiwl=3—. (12a)
and
.".421 wl= — (12b)
("
4x ax
(ii) for - <w< - — . we obtain
/ f(../o-—A/.) f2hg—47)
ax a7
12) 2 L2
I' ', 82 = A/ (Ww rp = :)
ax . 40
--COS(-:LC)U) ——-/U-r—)
2 2w 2
c?  AX 47
- oM e -« 2D
o os(2n20u )(\:fw o= } (13)
and

(o de(Ax—~ 2fwi, = fwdi)
ToloyE — —. {13a)
: alwdsr—ctdx— Zlwr, — 1WA

. cH(Ax=2fwi, = 42 )
TN S o — — . (14b)
SJwds = AN = T = Twdr

i for w> ——————_ (101 b2comes

I(-/O—J/!
FIPPNES 5
I'u', 4r0= - 4s.. (1%
and
=2 o=0. {16}

We ajso note that for the case of monochromatic point
source. the outpu: irradiance distribulion 1
I L2

LS -~ [
hu=1—-— =Zccosiinumn— —cos Znlodr.
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MTF(w)

AAT 2004
0 / aas5004

AA=800A
ostf
. AX 4.5 MM
os
(X}
o2l
w
o 4 ] 12 16
Spotiol Frequency (lines/mm)

Fig. 2. Temporal coherence apparent transfer function as a function
of input signal frequency w. for various values of spectral width 4.,

where
4c
0= Eppsk (18a)
and
C:
= P (18b)

Because the apparent transfer function can be obtained
by the ratuo of the contrast of the output basic
frequency signal to the contrast of the input signal. we

have
1 for

AR - s .
MTE(w)={ =2 Nax = 2fwie + fwdl)

S.L Zhuangand F. T. S Yu

MTF(w)
AXsLOMM  AXs3.0MM
/
1.0} /
AXs4.5MM
0.8
axs3004
0.6
0.4
0.2
{ w
6 4 [ 12 16 20

Spotial Frequency (lines/mm)

Fig. 3. Temporal coherence apparent transier function as a function
of w, for various of spatial width of filter ax

Which apparent transfer function reduces 1o a function
of p, and 44

We now iliustrate the dependency of the apparent
transfer function upon the spectral width of the light
source 4/, the spatial width of the filter Ax. and the
spatial frequency of the grating p,. Figure 2 shows the
plots of the apparent transfer function (MTF) as a
function of the input signal frequency w for various
values of spectral bandwidth 47 From this figure we

4x

< TCias 47

A4x 4x

dfwdi~c 8x=2fwiy~+ fwdl)
0 for

which is depending upon the spatial frequency of the
diffraction grating p,. the spatial width of the filter 4x.
and the spectral bandwidth of the light source 4.
We note that the widih of the filter 4x should be
chosen to coincide with the product of the spatial
frequency p, of the diffraction grating. the focal iength
of the achromatic transform lens, ané the spectral
width 4/ of the light source. i.e.,

— <
f(2ig=di) =

1) 2> ——m e
R TRy

< T =27

Ax (19)

notice that the MTF is not appreciably afiecied by the
spectral bandwidth 4/ of the light source. except for
some slight changes in frequency response. For exam-
ple. ar 4/ becomes broader. a siight reduction in lower
frequency response is expected. However. the syvsiem
bandwidth is somewhat slightly broader. Figure 3
shows the variation of MTF as a function of w for

Ax=pofd:. (20)  various values of spatial width Jx of the filter and a
By substituting this relationship of (201 into (19). we
have 4
/.
1 for w< .L—-—
A
(2=~ padi=2wip ~ A7) Tt s,
MFT(w)={—2_ )({90 inid “_ for ol Sw<_“r°’ -
4wdr—ct\podr~ 2wrg~wis) s V) —tp=J2
0 for w2 = fot 12
-/.( —
Todog SN AR
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MTF(w)
P+ 50 P+ 100
1.0
P, =150 lines/mm
0.0
AA+3004
0.6
0-4
0.2
. - w
(] 4 ® 12 16 20

Spatiol Frequency (lines/mm)

Fig. 4 Temporal coherence apparent transfer function as a function
of w. for various values of graung spatal frequency p,,

given As. From this figure we see that the svsiem
bandwidth is linearly related to that of the spaual
width of the filter. In other words. the larger the spatial
width of the filier used. the wider the svstem band-
width which may result. Figure 4 also shows the
dependent of the MTF upon the spatial frequency of
the grating p,. Again. we see that the svstem band-
width is linearly proportional to p,. as expected from
the relationship of (20). In other words. a higher
frequency grating has the advantage of achieving finer
image resolution. However. this advantage of using a
higher spatial frequency grating is somewhat com-
pensated with the use of a larger achromauc iransiorm
lens. 1o which is generally more expensive.

2. Apparent Transfer Function for Spatial Coherence

Now we shall determine the dependent of the apparent
transfer function upon the source size 4s. To simplify
our analvsis, we assume that the light source is mone-
chromatic but with finite extent. The output intensny
distribution of (3 can therefore be written as:

Iu'. 4s)= | sixo)Ain. xo) dx,. (22)

-

For simplicity. we assume tha: 2 uniform irradiance
distridution of the extended light sourcs exisis, 1.z

X | --
TN =Test — o1

B

- " - .
P .l ‘,‘r.‘r.‘- .*' L4 a ~' .‘r \. _; A ,: R ._'-f..--"(. - $q ,’(_'d' -,
[ M . K) . X . O, i
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where 4s is the extended source size with reference to
(4). we see that

Al xg) AU’ xg) = lrccx{x“}
o 0T g Ax

c .
+ Zcos(2nwu )(rect{

Xq +§/'.O_fw}

. 1 b
Ax—rofw
+ % cos(2n2wu’) rect {Zﬁ%ﬂ)} , (24)
where we have used the following relationship
c+b (+ b2
rect {i} rect {l } =rect {L—} . (25)
a a a+b

By properly shifung the coordinate axis, (24) can be
written as

W .xglA*Mu' . xy) = -1 rect {_xo}
A’ x u,
%o o7 4x

+ i(rect —L} +rect {—"0—})
16\ ax+ 2o fwf 4x=2/fw

¢ , X X
+ —cos(2 rect«—, +rect { ——————
"3 (2newu )( {Ax} T {Ax—2/.ofw})

2 .
+ C—cos(:’.nzwu')rect {L} (26)
8 Ax=2rnofw
By substituting (23) and (26) into (22). we obtained the
following output intensity distribution and the basic
and second harmonic frequencies
{1, for 0<ds<dx—2rofw. we have:

R A N )
]”'(U'.AS“—‘ [‘\7 - ? - :COS(:T:(DU)
(R -
C: '.: - -
— —cos(2n2wu’). ds. (7
§ )
ang
de
Yo — (28a)
: s
Yot —— (28b)
: =

fi. for Ax =2/ fw<ds<Jdx. we obiain

A Ll ¢ - s
I"‘(u.J5l=]lz-]—élds—ﬁ(_ﬂx—_no.rw”

- =tds=dx=2r.TwrcosiZnou)
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Fig. 5a and b. Spatial coherence apparent iransier functior as 2
function of input signal frequency w. for vanous values of source size
4s. (2) Basic MTF. (b) Second-harmonic MTF

and
2 4e(ds— dx~ 2/, fw)
#N0) = o (30a!
dds—+cds—Ax=2rpfw)
. 203(4x = 2 fo) .
P w) = e (30b)
- 445—c" (At-.n—-/ofwl
riii; for Ax<As<4x~2/,fw. (26} becomes
e c*
'y ds)= = = —|Ax= —(4s= 2/ fw)
SANTS 1€ “o-
¢ . ——
- stdx =, forcosiZnou)
- = TwicesiLnzwid), 13l

<
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Fig 6z and ©t. Spaual coherence apparent transier funcuion as a
furcnon of input signal frequency w. for various vajues of filter width
Ax.12: Basic MTF. (b Second harmonic MTF

Scldx— rpfw) -
e = - & = . (32a)
SAXN =48 = AX— Lrg ] W
and
3 SetiAx =2 fw) N
':";""‘-'“= G (.‘2b)

SIx—ctids—ax=LrgTo)

1w for As> Ix=2sq7w. we have:

. DU c . ; ,
I'“u' ds1= = = ?ljx— zidx— 2o fwicos{2nwu’)

-
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and

cAAx =24, fw)
O w) = e 34b
)= T ax (34b}

(v) for 4x <wigf. we again obtain

' 1%’ As)=constant. (35)
and
3 w) =7 w)=0. {36)

Notice that where this cut-off frequency of the optical
system 1S wy,, = 4x/.of. Thus the apparent transfer
funcuion of the optical processing svsiem. for both the
basic and second harmonic frequencies are
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the source size increases. Unlike the first harmonic
MTF of Fig. 5a. the cut-off frequency tends 10 stay at
the same values. although the higher frequency re-
sponse decreases rather rapidly.

Figures 62 and 6b show the basic and the second-
harmonic MTF as a function of input spatial frequency
w. for various sizes of spatial filters 4x. for a given 4s.
From these two figures. again we see that the transfer
svstem bandwidth is linearly related to the size of the
spatial filter. Thus MTF is obviously limited by the
filter bandwidth of the optical processor. The increase
of filter bandwidth als. -auses a reduction in temporal
coherence. which 1n turn reduces the processing capa-
bihity. Nevertheless. an optimum processing capability

1 for 0S4s<4x~-2/fw
(2+ W5+ Ax— 2y fw) .
= — f (— 24 S4s<dx
445+ 45+ Ax =2/ fw) or Ax—2hfws ds<ax
202+ e Ax = igfw) )
MTF(w)= = for Axg4s£4x+24 37
@) 44x+c*As+ Ax =244 fw) or AxsdsSdx+2iofw (37)
Ax=hofw for Ax+2.fwE ds
Aax
0 for AxsSwiof

and similarly:

22+ c*)Ax =275 fw)
44s+cHds+ Ax— 2.5 fw)
22+ ) dx =2/ f )

1 for 0Z4s<4x-2fw

for 4x—-27,fwSds<dx

MTF(2w)= h < As< Axt i fe ;
(2w) 4AX+C‘(AS+AX—2'_Ofw) for Ax<L4s<4x /Ofw (38)
._‘)' .
4x=2fw for 43— in ferS
ax
0 for ax=Zspfow.

From the above equations. one may see that MTF.
either for the fundamental or for the second-harmonic
frequency. decreases rather rapidlyv as the source size
4s increases. Figure 52 shows MTF as z function of
input spatial frequency w. for various values of source
size 4s. From this figure. we discover that the fre-
quency response (ie.. MTF) decreases guite rapidiy as
the source size increases. In other words. for a fixed
filter size. the smalier the source size usec. the better
the system frequency response. We aiso see that. where
the source size is adequately small (e.g.. 4s£0.02mm)
the MTF approaches the strict coherent MTF. on the
other hand. if the source size is significantly large i2.g..
4s24mm)the MTF approaches that of the incoheren:
case. Figure 5p s'now< t'nﬂ second ha'momc \’TF asa

}
o 2 hae < < P Foe
W¢ s8¢ that ATCO"‘.‘T}C\ .'C:DO'..\f C‘.’C.’Ed}-: evern lester

e ‘..l AT NS \:"-.

can be obtained with the appropriate MTF for certain
optical processing operations.

3. Conclusion

The nonlinear behavior of the parualiy coherent opti-
cal processor. when considering either intensitv or
amplitude distribution inputl signais. necessitates the
use of the apparent transfer function te accurately
predict the svstem response. We have derived the
general formuias for MTF in terms of the theory of
parualiv coherent hght These derivations indicate the
dependence of MTF upen the cegree of spaual coher-
ence (i.e. the source sizel as well as the cegree of
lemporal coherence (e, the sourss spec
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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 4x. where the filter is placed in the Fourier
plane. The transfer systems bandwidth may be in-
creased by using a larger spatial filter Ax. However, the
size of the filter is selected such that Ax=p, f 4., which
1s linearly related to the spatial frequency of grating.
the focal length of the transform lens and the spectral
width of the light source. A narrow spectral band 4. is
necessary for most partally coherent optical infor-
mation processing operations. In order 1o achieve the
required 4~ for a wide strip of spatial filter Ax in the
spaual frequency plane, a diffraction grating of suf-
ficiently high frequency p, at the input plane is needed.
For example. for parually coherent processing with a
white light source. a set of narrow spectral band filters,
each with a spectral bandwidth 4., can be used in the
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spatial frequency plane. Finally. we stress that the
apparent transfer function which we have obtained is
rather general and may be applied to any partially
coherent optical processing system.
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Source Encoding and Signal Sampling
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SOURCE ENCODING, SIGNAL SAMPLING
AND SPECTRAL BAND FILTERING
FOR PARTIALLY COHERENT OPTICAL SIGNAL

PROCESSING

F.T.S YU

SUMMARY : Relations between coherence requirement. spectrai
filtering. signal sumphing. and source encoding are discussed. Since
the spatial coherence requirement is determined by the signa! pro-
cessing operation, a stiict spatial coherence is usually not required.
The advantage of the source cncoding is 10 relax the constraints
of a physical hight source so that the signal processing can be carried
out with an extended incoherent source. The cffect of signal sampling
1 to improve the iemporal coherence requirement at the Fourier
plane so that the spatiz! filtering can be carried out with parually
coherence mode. The ohjective of broad spectral band filtering is
to carry out the signal processing over the entire spectral band of
the light source so that the coherent noise can be eliminated. Since
the partially coherent opuical processor utilizes a hroad spectral
band white-light source. it is particularly suitable for color sgnal
processing. Expernimental demonstrations for the source encoding
signal sampling and speciral band filtering arc included.

MoOTS CLES KEY WORDS

Traitement optique
Cohérence

Optical processing
Coherence

Traitement optique en éclairage particllement cohérent
en modulant la source et le signal
et en filtrant le spectre du signal

RESUME : On discute des relations entre 1a cohérence. le filtrage.
I'échantillonnage du signal et la modulation de la source. Puisque
le degré de cohérence spatiale est déterminé par le tratement de
Fimage. une parfaite cohérence spatiale n'est. en général. pas néces-
saire. L'avantage de moduler la source est de permettre de traiter
I'image avec une source étendue incohérente. L'effet d'échantil-
lonner I'image est d'améliorer la cohérence temporelle dans le plan
de Fourier de facon que le filtrage puisse s'effectuer en lumiere
particllement cohérentc temporeliement. L'utihsation d'un domarme
spectral large a pour but de rédutre le bruit di a la cohérence
spatiale de V'éclairage. Enfin. puisque un dispositi{ de traitement
d'image en lumiere partiellement cohérente utilise une source de
lumiere blanche. il parait partculicrement bien adapté au traite-
ment des images en couleurs. On présente des expenences mon-
trant Favantage de moduler la source ct d'échantilionner ''mage
lorsgu'on utilise une source élendue de lumiere blunche.

INTRODUCTION

Since the invention of laser (i.c.. a strong coherent
source) laser has become a fashionable tool for many
scientific applications particularly as applied to cohe-
rent optical signal processing. However coherent
optical signal processing svstems are plagued with
coherent noises. which frequently limit their process-
ing capability. As noted by the late Gabor. the Nobel
prize winner in physics in 1970 for his invention of
holography. the coherent noise is the number onc
enemy of the Modern Optical Signal Processing [1].
Aside the coherent noise. the coherent sources are
usually expensive. and the coherent processing envi-

“ A Q.f%.'\

L e L e

ronments are very stringent. For example. heavy
optical benches and dust frec environments are gence-
rally required.

Recently, we have looked at the optical processing
from a different standpeint. A question arises. 15 it
necessarily true that all optical signal processing
required a coherent source ? The answer to this
question is that there are many optical signal pro-
cessings that can be carned out by a white-hight
source [2]. The advantages of the proposed white-
light signal processing technique are = 1. 1t 15 capable
of suppressing the coherent noise: 2. White-light
sources are usuiliy inexpensive: 3 The processing
environments are not critical . 4 The white-light syvs-
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tem s relatively easy and cconomical to maintain
and S The white-hiphi processor is pasticularly sm-
table for color mage processimg

One question that the reader may ask, since the
white-light system offers all these glamorous merits,
why it has been ignored for so long ? The answer to
this question is that, 1t was @ general acceptance that
an incoherent source cannot process the signal in
complex amplitude. However. nonc of the practical
sources are strictly incohcrent. even a white-light
source. In fact, we were able to utiize the partial
coherence of o white-light souree to perform the
complex amplitude processing. The proposed white-
light processor, on one hand itis capable of suppressing
the coherent naise like an mcoherent processor, on
the other hand it is capable of processing the signal
in complen amplitude Bike o coherent processor,

There is however a busic different approach toward
a cohcrent and a white-light processor. In cohcrent
processing, virtually no one scems to carce about the
coherence requirements. since the laser provides a
strong coherent source. However. in white-light pro-
cessing. the knowledge of the coherence requirement
is usually needed.

In white-hight processing we would approach the
problem backwird, First, we should know what is the
processing operation we wish to perform : Isita 1-D
or 2-D processing ? Is the signal filtering & point or
point-patr concept ? What is the spatial bandwidth
of the signal ? ete. Then with these knowledges. we
would be able to evaluaie the coherence requirements
at the Fourier and at the input planes. From the eva-
fuated results. we would be able o design a signal
sampling function and a source encoding function
(o obtain these requirements. The objective of using
a stgnal samipling function is to achieve a high degree
of tcmporal coherence in Fourier planc so that the
signal can be processing in complex amplitude, for
the entire spectral band of a white-light source. And
for the source encoding is to alleviate the constraint
of an extended white-light source.

In the following sections. we shall discuss in detail
the source encoding. signal sampling and spatial band
filtering as applied to a partially coherent optical
(e.g.. white-light) signal processing.

PARTIALLY COHERENT OPTICAL SIGNAL
PROCESSING :

We shall now describe an opuical signal processing
techmgue that can be carried out by o broad band
white-hight source. as illustrated in figure 1. The
white-light signal processing system is similar to that
of a coherent system. except the use of a white-hight
sourcc. source ecncoding mask. signal sampling grating.
multispectral filters and achromatic transform lenscs.
For example. if we place 4 signal transparency s(.x. 1)
in contact with a sampling phase grating. the complex
light field for every wavelength ~ behind the achro-
matic transform lens L, would be

]

E(p.g: /i) = J stx.vyexplipy X) >

Y

x expl - itpxy + g ]dvdy = Sp = pog). (D
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where the integral is over the spatial doman of the
mpat plane Py () denotes the angular spatnl
frequency coordimate system, g, is the angular spatal
frequency of the sampling phase grating, and S(p. ¢)
is the Fourier spectrum ol sty vy Hhwe write Eqg. (1)
in the form of hinear spatial coordinate system (a. ff).
we have

Lt B )y = s(: _ %po. /f). 2)

where p 2 Qntifya g 2 Qrizfrfi and [ s the
focal length of the achromatic transform lens. Thus
we see that the Fourier spectrie would disperse mto
raimbow color along the o axis. and cach Founer
spectrum for a given wavelength 4 s centered al
a + (472 7} py.

SOmMoAng
£ sienced | \
<hght
w0
WG, 1. — A whue-lght oprical signal processor

In signa! filtering. we assume that a scquence of
complex spatial filers for. various 7, arc available,
te. Hip,. q). where p, = riz, (Y2 g, =272, ) [
In practice. all the processing signals are spatial {re-
guency himited. the spatiad bandwidth of cach spectral
band filter /1(p,. g4,) 15 also bandimmited. such as

{ H{p,dq,). 2, < x<x,.

X (3)
0. otherwise.

H(p,.q,) =

where o, £ (7, 2 m)(po + Ap) and 2y = (2, 2 7) >
{po — Ap) are the upper and the lower spatial limits
of H(p,.q,). and Ap is the spatial bandwidth of the
input signal s(x. v).

The limiting wavelengths of cach H(p,. ¢,) can be
writlen us

- A . i - Ap
o= iy [’L':__/’ and o~ =2, /’n____ 4)
Po ~= Ap P+ Ap

The spectral bandwidth of H(p,. ¢, 1s therefore,

4p.bp ~4L\r*/. 5)

A’ < - > . (5
p- — (Apr Do

'y =y,

If we place this set of spectral band fiiters side-bs-
side positioned over the smeared Fourier spectra. then
the intensity distribution of the output hight field can
be shown as.
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H(p,.q,) and « denotes the convolution operation,
Thus., the proposed winte-light signal processor s
capable of processing the signal in complex amplitude.
Since the output intensity is the sum of the mutually
incoherent narrow band irradiances. the annoying
coherent noise can be eliminated. Furthermore, the
white-light source contains all the color wavelengths,
the proposed svstem is particularly suitable for color
signal processing.

SPECTRAL BAND FILTERING, SIGNAL
SAMPLING AND SOURCE ENCODING

We have mentioned carbier for white-light or par-
tally coherent processing, we would approach the

problem in backward manner. For example. if signal

filtering is two-dimensional (c.g. 2-D corrctation ope-
ration). we would synthesize a set of narrow spectral
band filters for each 2, for the entire smeared Fourier
spectra. as illustrated in figure 2(a). On the other
hand. if the signal filtering is one-dimensional (e.g,
deblurring due to linear motion), a broadband fan-
shape spatial filter. to accomodate the scale variation
due to wavelength. can be utilized as illustrated in
Jigure 2(b). Since the filtering is taken place with the

o
a
Hl(thl)
C— Hylpp,ap)
. .
[y L
C——"3 Hnlpnan)
(€]
b c
1 RED
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B 20 G0 A mdn speciral-hand tidrer. (8 A fan-shupe [ilier
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entire spectral band of the light souree. the coherent
noise can be suppressed and the white-hght processing
technique is very suitable for colour image processing.
There is. however. a temporal coherence require-
ment imposed upon the signal filtering in Fourier
planc. Since the scale of the Fourier spectrum varies
with wavelength, a temporal coherence requirement
should be imposed on each spatial filter at the Fourier
plane. Thus. the spectral spread over ecach filter
H(p,. q,) 1s imposed by the tcmporal coherence requi-

rement. ie.,
A, 4 Ap

/ P,

n

<1. (7)

From this requirement. a high degree of temporal
coherence is achievablke in the Fourier plane by simply
increasing the spatial frequency of the sampling grat-
ing. Needless to say that the same temporal coherence
requirement of Eq. (7) can also be applied for a
broadband fan-shape filter.

There 1s also a spatial coherence requirement
imposed at the input plane of the white-light processor.
With reference to the Wolf's [3] partial coherence
theory [3]. the spatial coherence function at the input
plane can be shown [4],

F'x -x) = -U y(xq) exp[i 2n :;‘}(x - x'):l dxg ,
(8)

where y(x,) denotes the intensity distribution of the
source encoding function.

From the above cquation, we see that the spatial
coherence and source encoding [functions form a
Fourier transform pair, i.e.,

¥xo) = F[I(x — x"]. 9)
and
F(x —x') =§F '[7(xy)]. (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 Fouricr trans-
formation and vice versa. We note that source encoding
function can consist of apertures of any shape or
complicated grayv scale transparcncy. However the
source encoding function is only fimited to a positive
real quantity which s restricted by the following
physical realizable condition :

0 < '}'(X()) < 1. (n

in whitc-light processing. we would scarch for a
reduced spatial coherence requirement for the pro-
cessing operation. With reference to this reduced
spatial coherence function. a source encoding func-
tion that satisfied the phyvsical realizability condition
can be obtained. One of the basic ohjectnes of the
source encoding is to alleviate the constramt of a
whitc-light source. Furthermore the souree encoding
also improves the utihzation of the light power such
that the optical processing can be carried out by an
extended source.
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| TR A whre-hight unage subtvactoent processor,. 1) | phase

gratmg, Ly - onage fom, L collonated lens, Ly and 1y - achromatic

transfornt feases, y(3) 0 sowrce emadmg mask . G fan-shape dif-
Jraction graing.

We shall now illustrate an application of the source
encoding, signal sampling and filtering for a white-
light signal processing. Let us now consider a poly-
chromatic image subtraction [5). The image sub-
traction of Lee [6] that we would consider is essentially
a one-dimensional processing operation. in which a
1-D fan-shape diffraction grating should be utilized,
as illustrated in figure 3. We note that the fan-shape
grating (i.c.. 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 onc maintains the spatial
coherence between the corresponding image points
to be subtracted at the input plane. then the subirac-
tion operation can be carried out at the output image
plane. Thus instead of using a strictly broad spatial
coherence function. a reduced spatial coherence func-
tion may be utilized. such as

F(y —y) =8y — 1 = hy) + 600 — 2 + hy). (12)
where 2 ki, is the main separation between the two
input color transparencies. The source encoding func-
tion can thercfore be evaluated by through the Fourier
transform of Eq. (9). such as

27l
g = 2 (-U\( /,ln ,l'"> ' (13

Unfortunately Eg. (13) is a bipolar function which is
not physically realizable. To ensure a physically
realizable source encoding function, we let o reduced
spatial coherence function with the required point-
pair coherence characteristic be [7).

rgr—=yhH=
Nrn ,
sin (—i vy !) .
he . nw '
= \smc</ dl\ - ¥ I). (14)
N sin(-r—l\ -] o,
hy

¥ dadh Ao 2ot )
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where N » 1 a positive inteper. and w < . Eq. (1)
represents i sequence of narvow pulses which oceur
atevery | v — v' | = nh,. where nis a positive integer.
and their peak values are weighted by a broader sine
factor, as shown in figure 4(a). Thus, a high degrec
of spatial coherence can be achieved at every point-
pair between the two input color trunsparencics. By
taking the Fourier transformation of the reduced
spatial coherence function of Eq. (14). the correspond-
ing source encoding functiaon is

Z rccl - m” (15)

Wyl) =

where wis the shit width, of = (2fih,) is the separation
between the shits, and N s the number of the slits,
Since y{(| ¥ B is a positive real function which satisfies
the constraint of Eq. (11). the proposed source encod-
ing function of Eq. (15) is physically recalizable.

In view of Eq. (15). we also note that. the separation
of slit d is linearly proportional of the 4 The source
encoding is a fan-shape type function. as shown in
figure 4(b). To obtain lines of rainbow color spectral
light source for the signal processing. we would utilize
a linear extended white-light source with a dispersive
phase grating. as illustrated in figure 3. Thus with
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appropriate source encoding. signal sampling and fil-
tering. color imape subtraction operation can be
obtiimed at the output plane, We stress again, the
basic advantage of source encoding is to alleviate the
constraint of strict spatial coherence  requirement
imposcd upon the optical signal processor. The source
encoding also offers the advantage of efficient utili-
zation of the light power.

EXPERIMENTAL DEMONSTRATIONS

We shall now provide a couple of experimental
results obtained with (the source encoding, signal
sampling and spectrat band filtering (echnique for
white-hight and cextended incoherent courses. We
shall first show the result obtained for color image
deblurring due 1o lincar motion - with the white-
light processing technique. Since lincar motion deblur-
ring is a4 1-D processing operation and the inverse
filtering is a point-by-point filtering concept such
that the operation is taking place on the smearing
length of the blurred image. Thus thc deblurring
filter (i.c.. inverse filter) is a fan-shape type spatial
filter {8] and the temporal coherence requirement
is imposcd by Eq. (7). The spatial coherence require-
ment is dependent upon the smearing length. A source
encoding function of a narrow slit width (dependent
upon the smearing) perpendicular to the smearing
length is utilized. Figure 5/a) shows a color picture
of a blurred image due to linear motion of a F-16
fighter plane. The body of this fighter plane is painted
in navy bluc-and-white colors, the wings are mostly
painted in red. the tail is navy bluc-and-white. and the
ground terrain is generally bluish color. From this
figure. we see that the plane is badly blurred.
Figure 5(b) shows the color image deblurring result
that we obtained with the proposed white-light
deblurring technique. From this deblurred resuit
the letters and overall shape of the entire airplane
are more distinctive than the blurred one. Further-
morc the river. the highways, and the forestry of the
ground terrmn are L more visible. We nolte that
the color reproduction of the deblurred image is
spectacularly faithful. and coherent artifact noise is
virtually non-existed. There is. however. some degree
of color blur and color deviation. which are primarily
due 10 the chromatic aberration and the anti-reflec-
tance coating of the transform lenses. Neverthe-
less, these drawbacks can be overcome by utilizing
good gquality achromatic transform lenses,

Let us now provide a color image subtraction
utilized by the source cncoding technique with
extended incoherent sources as described in previous
sections. Figure 6ta) and 67h) show two color
image transparencies of a parking lot as input color
objects. Figure 6i(c) shows the color subtracted
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image obtained by the source encoding technique
with extended  incoherent source. In this fipure,
the profile of o (red) subcompact car can be seen at
the output image plane. The shadow and the parking
hine (in yellow color) can also be readily identified.
We however note that. this color inuige subtraction
result is obtained by two narrow band extended
incoherent  sources.  Extention toward the entire
spectral band of a white-light source is currently
under investigation.

CONCLUSION

In conclusion we would point out 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 an extended
incoherent source. The cffect of the signal sampling
15 to achieve the temporal coherence requirement
at the Fourier plane so that the signal can be processed
in complex amplhtude. If the filtering operation is
two-dimensional. a multi-spectral-band  2-D  filters
should be utilized. I the filtering operation is one-
dimensional. a fan-shape filter can be used.

In short, onc should carrv out the processing
requirements backward for a partially coherent or
white-light processing. With these processing require-
ments (e.g.. operation. temporal and spatial coherence
requirements), multi-spectral-band or fan-shape 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 an extended white-hght source.

We acknowiedge the support of the U.S. Air Force
Office of Scientific Research Grant AFOSR-81-0148.

REFERENCES

f1] Ganor (D.). — IBM. 1. Res. Develop. 1970, 14, 89,

(21 Yo (F. T S) - Opucal Informatton Processing, Wiley-
Intersaience. NY. 19%23

(3} Born (M.yand Wout (C) — Princpies of Opnics. 2nd rev. ed..
Pergamon Press. New York. 1964,

4] YU (F. TS0 ZHUANG (S. Ly and Wi (S. Ty - Appl. Pins..
1982, B27, 90

IS Yo (b Soand WS 1) doOpt 19K IR

16 L A8 10, Yao(S Koand Minns (A Gy JoOpr Soc. An,
1970, 66 1037

17) WS Toand YUUF TS0 - Appl Opr.. 1981, 20. 4082.

[R] Coac(T. HOL Zhuana(S L. Mao(S. Zaand YU(F. T.S) —
Appl. Opi., 19K} 220 1409,

: Manuseript recerved in March, 7, 1983.)

@ Masson, Panis, 1982




Appl. Phys. B 27.99-104 (1982)

66
Applied 52,
PhysICS B Sremesy

@© Springer-Verlag 1982

Source Encoding for Partially Coherent

Optical Processing

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

Electrical Engineering Department, The Pennsylvania State University. University Park,

PA 16802, USA

Received 10 September 1981/Accepted 2 October 1981

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 may not be
required for the processing. The advantage of the source encoding is 10 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
systems to carry out many sophisticated information
processing operations [1. 2]. However. coherent opti-
cal processing svstems are contaminated with coherent
artifact noise. which frequently limits their processing
capabilities. Recently. attempts of using an incoherent
source to carry out complex information processing
operations had been pursued by several investigators
[3-6]. The basic imitations of using incoherent source
for partially coherent processing Is the extended source
size. To achieve a broad spatial coherence functuion at
the input piane of an optical information processor. a
veryv small source size is requiredc. However. such a
small hight source is difficult 10 obtain in practice. We
have. nevertheless. shown in recent published papers
[7-10] that there are information processing oper-
ations which can be carried out with incoherent
source. In other words. a strictly broad coherence
requirement may not be nesded for some optical
information processing operations.

In this paper. we shall describe a linear transformation
relationship between spatial coherence function and
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source encoding intensity transmittance function.
Since the spatial coherence requirement 1s depending
upon the information processing operation. a more
relaxed coherence function may be used for a specific
processing operation. By Fourner transforming this
coherence function. a source encoding intensity trans-
mittance function may be found.

The purpose of source encoding is to reducs the
coherent requirement. so that an extended incoherent
source can be used for the processing. In other words.
the source encoding technique is capable of generating
an appropriate coherence functior: for a specific infor-
mation processing operation and at the same ume it
utilizes the available light power more effectively. We
shall iliustrate examples that compiex nformation
processing operation can actually be carried out by an
encoded extended incoherent source. Experimental
illustrations with this source encoding technique are
also inciuded.

Source Encoding with Spatial Coherence

We shall begin our discussion with the Young's experi-
meni under extended incoherent source iliumination.
as showrn In Fig. 1. Firsi. we assume that a narrow i
15 placed at piane P, behind ar extended source.
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Fig. 1. Young's experiment with extended source illumination

the shits Q, and Q, at P,. it is known that the source
size should be very narrow. If the separation between
Q, and Q, is large. then a narrower slit size S, is
required. Thus. to mainwain a high degree of spatial
coherence between Q, and Q,. the slit width should be

(1]

/R
<= (1
"= 2k :
where R is the distance between planes P, and P,. and

2h, is the separation between Q, and Q, (Fig.1).

Let us now consider two narrow slits of S, and S,
located in source plane P,. We assume that the
separation between S, and S, satisfied the following
path length relation:

ry—ry=(r,=ry)=me., (2)

where the r's are the respective distances from S, and
S. 10 Q, and Q.. as shown in the figure. m is an
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
phase. A brighter fringe pauiern can be seen at plane
P,.. To further increase the intensity of the fringe
pattern. one wouicd simpiy increase the number of
source slits In appropriate iocations in the scurce plane
P, such that every separation betweer shis satisfied the
coherence or fringe condition of {2). If separation R is

X X

- ) i i

X et . -l .
) A o !, /
, L—"1\ Ky/‘ [ BP
e a i ‘. e
‘/’/ | ; I! ; i

. L
Ve :

i \\.,’ / Vi /
v : o v

=N A =53

2] Py

67
FT.S Yuetal

large. 1e. R»d and R»2h,. then the spacing d
between the source slits becomes,

d=m—. {3)

From the above iliustration. we see that by properls
encoding an extended source. 1t 1s possible to maintain
the spatial coherence between Q, and Q,. and at the
same time 1t increases the intensity of illumination.
Thus. with a specific source encoding techmque for a
given information processing operation may result a
better utilization of an extended source.

To encode an extended source. we would first search
for a spaual coherence function for an information
processing operation. With reference to an exiended
source optical processor of Fig. 2. the spatial coherence
function at input plane P. can be written [11]

Fixaoxy)= ISR 0 xR o)) dx, (4)

where the integration is over the source plane P,. Six,)
is the intensity transmittance function of a source
encoding mask. and K,(x,.x,) is the transmittance
function between source Plane P, the input plane P,,
which can be written

[ [a_ X)X5
K, (x,.x,)~exp 1(27:#) . (5)
By substituting K (x,.X,) into (4). we have
. Xy N
I(x,—x})= .[.(s(x,)cxp{llnr-(x:—x2)|dx1. (6)
L ~f j

From the above equation. we see that the spaual
coherence function and source encoding intensity
transmitiance function forms a Fourier transform pair

six, ) =F[T(x.—x41]. (7)
and
Nix.=xL=F"[sx,)]. (8

where # denotes the Fourier wransformaton oper-
ation. If a spaual coherence functiorn for an nfor-
mauon processing operation 1s provided. then the
source enccding intensity transmittance function can

£ Fig 2 Parualiv coheren: opucal processing
Wil encoaer exiendec incoherent sourcs il
extenced nccherent source. L. colimauer
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Source Encoding for Partially C~herent Optical Processing

be determined through Fourier transformation of (7).
We note that the source encoding function Six,) can
consist of apertures or slits of any shape. We further
note that in practice S(x,) should be a positive real
function which satisfies the following physical realiz-
able condition:

0SSix,)S1. 9)

For example, if a spatial coherence function for an
information processing operation Is

Mx,- rect{ 2 "}. (10)
A
where A is an arbitrary positive constant. and
o X _{l. x| A4.
re Al 10. otherwise.

then the source encoding intensity transmitiance
would be

s<x,)=sinc(r‘f;’). (11)

Since Six,) i1s a bipolar function, therefore it is not
physically realizable.

Temporal Coherence Requirement

There is. however. a temporal coherence requirement
for incoherent source. In optical information process-
ing operauon. the scale of the Fourier spectrum varies
with wavelength of the light source. Therefore. a
temporal coherence requirement should be imposed on
every processing operation. If we restrict the Fourier
spectra. due 1o wavelength spread. within a small
fraction of the fringe spacing d of a complex spatial
filter 1e.g.. dedblurring filter). then we have.

P 14,
=l L. (12)

NV

-

where 1:d is the highes: spatial frequency of the filter.
P,. is the angular spatial frequency limit of the input
object transparency. f is the focal length of the trans-
form lens. and 4~ is the spectral bandwidth of the light
source. The spectral width or the temporal coherence
requirement of the light source is. therefore.

iy =

— <
‘. I.OP

{13

where 7 1s the center waveiength of the light source. 21,
is the size of the inpui object transparency. and
ig=t1201d.

Ir order 10 gair some feeling of magnitude. we provide

z numernca, .\a’n"l. -2t us assume tha: the size of ine
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101
Tabie 1. Source spectral requirement
P,
5= [hines - mm] 05 1 s 20 100
4,.[A] 284 W2 21 S 46 1.09

object is 2h, = S mm. the wavelength of the light source
is ~=5461 A. and we take a factor 10 for (13) for
consideration. that is

1072
h,P,,

dr= (14)

Several values of spectral width requirement 4. for
various spatial f{requency P, are tabulaied 1n
Table 1.

From Table 1. we see that. if the spaual frequency of
the input object transparency is Jow. a broader spectral
width of light source can be used. In other words. if
higher spaual frequency 1s required for an information
processing operation. then a narrower spectral width
of hight source is needed.

Examples of Source Encoding

We shall now illustrate examples of source encoding
for paruially coherent processing operations. We would
first consider the correlation detection operation
[12].

In correlation detection. the spatial coherence require-
ment is determined by the size of the detecting object
(1e.. signal). To insure a physically realizable encoded
source transmittance function. we assume z spaual
coherence function over the input plane P. 1

3= =)

e T (

[
th

Fix.—xh=
X=Xy
b

where J, is a firsi-order Besse anCUOD of firs: kinc.
and i, 15 the s1ze of the detecung signal. A sketch of the
spatial coherence as a2 function of ‘. — X, 15 shown in
Fig. 5. By taking the Founer transiorm of (131 we
obtan the following source encoding intensiy irans-
mitiance funcuor.

CfxL .
Sux,h=ciry—1. (161
LWy
where w =17/ i, 18 the diameter of & circular aperiure
a3 showrn in Fig. 2z
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Tlixg - al) Tlag-x3) Ty - x3)
ST ing=nzh) [
— snc[E—(x.- x})) . YW ( )
J.Lol’"-x;l [‘;1(‘2 X - ‘ L"bd )
pa T2\ A N J‘. -l NS
o] A ) ag-¥g . ol X=Xz
rhe r'u,"l o Zho-l
S{x,) S{x,) Six,)
wel Fig. 3a-¢. Exampies of spatial coherence requirements and
z source encodings. [I1x. ~ x,): spaual coherence funcuon.
e b —f ~{p ] Six,): source encoding transmittance] ({al For corre-
w w w d lation detection, (b for smeared image deblurning. and ()
a b 4 for image subtraction

f 1s the focal length of the collimating lens and / is the
wavelength of the extended source. As a numerical
example. we assume that the signal size i1s h, = Smm.
the wavelength is /.=5461A. focal length is
f=300mia. then the diameter w of the source encod-
ing aperture should be about 32.8 um or smalier.

We now consider smeared image deblurring [13]
operation as our second example. We note that the
smeared image deblurring is a 1 — D processing oper-
auon and the inverse filtering is a point-by-point
processing concept such that the operation is taking
place on the smearing length of the blurred object.
Thus. the spatial coherence requirement is depending
upon the smearing length of the blurred object. To
obtain a phvsically realizable source encoding func-
tion. we let the spatial coherence function at the input
piane P. be

L (17

F(ix. = X5 l-smcf———n —~x
- A

X

where Jx. is the smearing length. A sketch of (17115

showr 1n Fig. 3b. By taking the Founer Transform of

{i7). we obtain
[ix,!
Stx,r=recte—. (18)
: !
where w={7,)(4x.i 1s the siit width of the source
encoding aperiure. as shown in Fig. 3b. and

fix,] [1 CZix; Sw.
e —=r =

wal® =" . .
| w 0. otherwise.

For 2 numerical iliustration if the smearing length 1s
Jx.=1mm. the wavelength is 7 = 3461 A. 2nd the focal
lengin 15 7 =300mm. ther the siit widih » shoulc be
zbou: 1638 um or smalier

We wouic now consider wmage subtracuon [i<] for
our thirc iliustrauon. Since the image sudbiraciion is 2

i — D processing coperation and tne spelal cohersnce

requirement is depending upon the corresponding
point-pair of the images. thus a strictly broad spatial
coherence function is not required. In other words. if
one can mamitain the spatial coherence beiween the
corresponding image points to be subtracted. then the
subtraction operation can take place at the output
image plane. Therefore. instead of utilizing a strictly
broad coherence function over the input plane P,. we
would use a poini-pair spatial coherence function.
Again. to insure a physically realizable source-
encoding transmitiance. we would lel the point-pair
spatial coherence function bc [10]

r(lX;-A;“
N \
sin(Tr-lx:-x'zl) o
= o smc(—q\.-\,w. (19)
/lo

N sink}:—' X2 = X341
‘0

where 201, is the main separation of the two input
object transparencies al plane P.. N'»1 a positive
integer. and we note that v <d. Equation {19) repre-
sents & seguence of narrow puises wmch occur at
IX. = X. =nii,. where 1 1s 2 positive integer. anc their
peak values are weightec by 2 broader sing factor. 28
shown in Fig. 3¢. Thus. we see thai 2 high degree of
spaual conerence Is mainiained ai every pOIni-parr
between the two input object iransparenszies. By taking
the Fourier transiormation of (19). we obiain the
foliowing source encoding Intensity transmitiance

Stx,i= : rect:-

= (
where w 1s the slit width. ané d=i.
separallon betweer the sins,
represents N number o: naTTowW §iis

>
Ing €. as showrn n Fig 3¢ As @ numenical exampie. we
jet the separauorn of thenpul ohwects o= 10mm. the
weateengin o= a0l s the loceloiengih o7 nme ooo-
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Source Encoding for Parually Coherent Optical Processing

limator f=300mm. then the spacing d between the
slits is 16.4 um. The slit width w should be smaller than
d.'2. or about 1.5 um. If the size of the encoding mask 1s
2 mm square. then the number of shits N is about 122.
Thus we see that with the source encoding it is possible
1o increase the intensity of the illumination N fold. and
at the same time it maintains the point-pair spatial
coherence requirement for image subtraction
operation.

Experimental Results

In this section. we would illustrate two examples as
obtained from the source encoding technique. The first
experimental illustration is the result obtained for
smeared photographic image deblurring with encoded
incoherent source as shown in Fig. 4. In this experi-
ment a Xenon arc lamp with a green interference filter
was used as extended incoherent source. A single slit
mask of about 100 um was used as a source encoding
mask. The smeared length of the burred image was
about 1 mm.

Figure S shows an experimental result obtained from
image subtraction operation with encoded incoherent
source. In this experiment. a mercury arc lamp with a
green filter was used as an extended incoherent source.
A muluslit mask was used to encode the light source.
The slit width w is 2.5 pm and the spacing between slits
was 25 um. The overall size of the source encoding
mask was about 2.5 x2.35mm? The mask contamns
about 100 shits,

From these experimental results. we see that the
constraint of strictly broad spatial coherence require-
ment may be alieviated with source encoding tech-
niques so that 1t zllows the optical information pre-
cessing operation can be carried out with extended
incoherent source.

APPLIED [JJl[X
OPTICS|
PP E

OPTICS

Fig 4a and b. Photographic image deblurring with encoded exten-
ded incoherent source. (a) input blurred object and (b) deblurred
image

Conclusion

We have derived a Founer iransform relationship
between the spatial coherence function and the source
encoding intensity transmittance function. Since the
coherence requirement is depending upon the nature of
a specific information processing operation. a stricl-
v broad coherence requirement may not be needed
in practice. The basic advaniage of the source encoding
technique is to alleviate the constraints of the strict
coherence requirement imposed upon the opucal infor-
mation processing svstem. so that the information
processing can be carried out with encoded extended
incoherent source. The use of incoherent source to
carry out the optical processing operation has the
advantage of suppressing the coherent artifact noise.
In addition. the incoherent processing svstem is usual-
lv simple and economical to operate. Finally. we would
stress that the source encoding technique may be
extended 10 white-light optical processing operation. a
program is currently under investigation.
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Broad spectral band color image deblurring

- T.H.Chao, S. L. Zhuang, S. Z. Mao, andF. T. S. Yu

A broadhand white-light proceasong technigue for smenrcd color phatogeaphic image deblurnmg is deseribed.
The technique utilizes a diffraction geating method 1o disperse the smeared image spectra in the Fourier
plane so that the entire spectral band of the white-light soyree can be utilized for the deblurring.  In this
paper the technique of synthesizing a fan-shape type complex deblurring filter to accommodate wavelength
variation is presented. Experimental results showed that this broad spectral band processing technique of-
fers an excellent coherent artifact noise suppression, and the technigue is particularly suitable for color
image deblurring. Experimental demonstrations and comparisons with the narrowhand and coherent de-

blurring are also provided.

1. Introduction

Restoration of smeared photographic images has long
been an interesting and important application in optical
processing.!-* Inimage deblurring much of the effort
has been devoted to applying inverse filtering concepts
to the image restoration. As those works evolved, two

problems are still of intense interest; namely, the co-

herent artifact reduction and color image deblurring.
Although Wiener filters had been applied in coherent
processors by several investigations! © for noise reduce-
tion, they do not suppress the inherent coherent artifact
noise in the processing svstem. Recently, Yang and
Leith” proposed a spatial domain deconvolution tech-
nique for image deblurring. They used an extended
incoherent line source for deblurring, and the coherent
noise was remarkably reduced. However, their tech-
nique is only suitable for processing monochrome
blurred images. 1o previous papers® ' we presented
a white-light processing technique for linearly smeared
image deblurring. We have shown that the white-light
image deblurring technique is capable of eliminating the
coherent artifact noise and is suitable for color image
deblurring. However, the results that we obtained were
primarily restricted to the narrow spectral band de-
blurring concept.

In this paper we shall extend the image deblurring
technique to the entire broad spectral band of the

The authors are with Pennsyvivania State University, Electrical
Engineering Department. University Park, Pennsyvivania 16802,
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<€ 1983 Optical Society of America.

white-light source. To obtain the broadband de-
blurring effect, a fan-shaped spatial filter to compensate
the scale of the Fourier spectra should be utilized at the
Fourier plane. The technique of synthesizing the
fan-shaped broadband deblurring filter is given. The
coherence requirements for the white-light image de-
blurring are illustrated. Experimental demonstrations
with the comparison of narrowband deblurring and
coherent technique are provided.

Ii. Broadband Image Deblurring

We shall now discuss a broadband image deblurring
technique utilizing the entire spectral band of a white-
light source. Let this linear smeared image be given,
le.,

SLe v = svy) e rect (l) . (1
W

where §(x,v) and s(x v) are the smeared and unsmeared
images,

< W
Lyl = e
4 (2)
0. otherwise,

¢
rect { —
W
and W is the smenred length,

Letus insert the smeared image transpareney of .
(1) into the input plane I’y of a white-hight optical pro-
cessor as shown in Fig. 1. The complex light distribu-
tion for every wavelength A at the back focal length of
the transform lens would be

E(a.8:0M) = C [ sex.v M explipox)

Ve

X exp |1 == txe + v 3| dxdr, (3
where py is the angular spatial frequency of the phase
grating, o = [(A/)/27]p and 3 = [(\/)'27]q represent the

15 May 1983 / Vol. 22. No. 10 ~ APPLIED OPTICS 1439

[, 5 o g AP T T T P I TSI VO VA S T I L T
MMMERMWMRMMﬁﬁM£mﬁMAﬁ

RS S -y

i - - N e

p -

A

P - .,

SN T T .

LAY

..t

.AI:!



P Lo

&

pe

:

L

T N SR TN (O PR ROt 0 A L 0, SRR,

spatinl coordinate system of Fourier plane Iy, (p.g) is
the corresponding angular spatial frequency coordinate
svstem, £ is the focal length of the achromatic transform

lens, and C is an appropriate complex constant. ‘Thus,
Eq. (3) can be written as
E(a,B\) = C8 ((v - 2‘—/ pu.ﬂ) f (4)
2w

where

W
Sja = M2mpus) = 8 ‘(v - (——] Do ﬁ] sine (L H) )}

1s the linear smeared image spectrum.

Since scale of the signal spectrum is proportional {o
the wavelength ol the light source, the carresponding
signal spectra would smear into a fan-shaped rainbow
color as can be seen from Eq. (5). In other words, the
top (i.e., the wider regmn) of the smeared spectra is in
red and the bottom is in violet.

Let us assume that a fan-shaped broad spectral band
deblurring filter (i.e., a broadband inverse filter) to ac-
commodate the variation of the scale of the signal

spectra is available. This fan-shaped filter is described
in the following equation:

Shealgfont- o]

=3 (a - -—l—poﬁ) ismc x)\‘;' ﬁ)l-l . (6)

H(a,B:\) = 6(n—‘—Poﬁ3)

In image deblurring we would insert this deblurring
filter of Eq. (5) in the spatial {requency plane of P..
The complex light distribution for every A at the output
image plane P, can be written as

glx,vh)=F!

A
(a - ;ipn )H(n.BzM] : ™

Fig. 1.

1, white-light point source; Sir ), smeared color image transparency;
T(x). diffraction grating: L, and L

Hia.d:x). broad spectral band deblusring filter

White-light processor for smeared color image deblurring:

_.achromatic transform lenses;
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where I'=! denotes the inverse Fourier transform; by

substituting Egs. (5) and (6) into Eq. (7), we have
glx,v;:A) = s{x v) explipax), . (8}

which is independent of the wavelength of the light
source. The resultant output intensity distribution can
be shown as

Ix,y) = f letx i M 2dN ~ AX|s(x,¥)|?, 9
A

which is proportional to the entire spectral bandwidth
AN of the white-light source. Thus we see that this
proposed white-light deblurring technique is capable
of processing the information with the entire visible
spectral band, and it is very suitable for the application
to color-image deblurring. Since the integration of Eq.
{9) is taken from the entire spectral band of the white-
light source, the coherent artifact noise in principle can
be eliminated.

lll. 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
this proposed color image deblurring technique.

In a previous paper!! we obtained the cohrrence re-
quirements [or a partially coherent optical processor.
Several of those fruitful results can be applied to our
proposed white-light image deblurring system.

We shall first discuss the temporal coherence re-
quirement for the image deblurring. We shall use the
results obtained in our previous article as shown in Fig.
2. This figure shows the plots of the spectral width A\
requirement of the light source (i.e., equivalent to the
narrow spectral width of the deblurring filter) as a
function of deblurred length (AW) for various values
of smeared length W. The wavelength spread across

a narrow spectral hand filter centered at wavelength
)\()8‘9 is

AN = A(|[4AP/D(\I‘ po> Ap, (10
or
A AM
=, tih
pe AN

where Ap is the angular spatial frequency limit of the
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Temporal Coherence Requirement for A\, = 5461 A

Y Table 1.
§ Ap/pa

0012 0018 0020 oo 0045
AN (A it 400 610 Thth 09
AW/W 1/20 11h 110 1/8 1/5
5
th S’ 10 - - - - T T T T T T T we20 ue
: : B
R 18 § :
2
g
< ~ - e -/ Wel 0 MM
5 /
(=)
/./ wens wu
¥ -' , /1//'
g& ST 4 [ S S
o6 1] 0 (%] X'}
¥ .
. - Source Size 85 (uu)
ey .
«.{ Fig. 3. Plots of the deblurring width as a function of the source size
h for various values of the smeared length W'.
(;. Tabie ).  Effect of Spatia} Coherence Requirement
r: AW
W
o As mm 1/20 1/15 110 1/5
- w
o
., 0.5 mm 0.2 0.38 0.6 0.92
I mm 0.1 0.18 0.26 0.40
i 2mm 0.05 0.08 0.12 0.18
input blurred object transparency, and pg is the amrular
_': spatial frequency of the phase grating. ‘The temporal
RO coherence requirement for a narrow spectral band de-

blurring filter for wavelength 5461 A is tabulated in
Table L.

Although the temporal requirement is based on a

) narrow spectral band analvsis, it can be extended to a
broad spectral hand operation. For example, a broad

i’ spectral banfi filter (e.g.. fan-shaped deblurring filter)
Rt can be considered as a summation of a sequence of
. narrowband spatial filters of various wavelengths. The
deblurred image is the result of the superposition of the

by mutually incaherent light fields derived from the nar-
by rowband filters. Thus. the temporal coherence re-
N quirement shown in Table I can also he applied to a
i broad spectral band filtering. As an example, if
o) (B po = 0012 and the speetral handwidth of the light
t‘_ source is 3000 A, the broad spectral band deblurring
filter is approximately equal to the sim of eleven narrow

e spectral band filters. "T'he mean spectral bandwidth AX
:3’ of those filters is 270 A, and the deblurring ratio

(AW Wis 17200 In other words, it is possible to svn.
thesize a fan-shaped type spatial filter to compensate
h} with the scale variation of the smeared Fourier spectra
— in the spatial frequency plane so that the dehlurring

takes place with the entire spectral hand of the white.

light cource. Since the broadband deblurring utilizes
ﬁ the whole visible spectrum of the light source, it is
) particularly suitable for color image debiurring.

,.'&P".

-
-
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We shall now discuss the spatial coherence require-
ment.  Since the deblurring operation acts on the
smeared length, the coherence requirement is depen-
dent on the width of the light source. lLet us now use
the plots of deblurring width as a function of the source
stz as showny in Fig i From this Higure we see that the
deblurring eflect (i.e., AW) ceases when the source
width AS reaches a eritical width AS, We shall now
summarize the results of the spatial coherence re-
quirement in Table 1. From this table we see that the
higher the degree of deblurring (i.e., smaller AW), the
more critical the spatial coherence ti.c.. smaller the AS)

2L VPR W |

is required. It is, therefore, one of the prices we paid -f.‘
for a higher degree of deblurring, :-P.
p
2
IV. Broadband Deblurring Filter Synthesis .ﬁ-
\ 1

We shall now briefly describe the svnthesis of a fan-
shaped (i.e., broad spectral band) deblurring filter. The
svnthesis is a combination of an absorptive-amplitude
filter and a phase filter. A fan-shaped phase filter is
composed of several slanted bar-type phase objects as
illustrated in Fig. 4. Each phase bar would give rise to
specific = 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
grating frequency pg at the input plane. The period-
icity of the deblurred filter is certainly determined by
the smeared length of the blurred object. and the width
of the filter defines the degree of deblurring.!* In
constructing a broad spectral band phase deblurring
Nilter, we utilize a vacuum deposition technigue. It can
he accomplished by depositing the magnesium Muoride
{(Mgl) on this surface of an optieal (Tt glass substrate,
In this technique. a blocking mask of a [an-shaped bar
pattern as shown in Fig. 4 is used for the vacuum de-
position. The MgF, vapor is deposited through this
blocking mask, together with a linear moving covering
plate, from top to bottom as illustrated in Fig. 4.

The thickness of the deposited coating can be deter-
mined by the following equation:
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where n is the relractive index of the coating material.
This coating thickness is linearly proportional to the
dispersion of the illuminating wavelength, We note
that a strictly lincar control of coating thicknesses is
very essential. The advantage of this phase type filter
is to improve the transmission efficiency, since the
overall deblurring filter is, in general, highly absorp-
tive.

In principle, it is a straightforward method to syn-
thesize a fan-shaped amplitude filter. The svnthesis
can be accomplished by inserting a slit aperture of a slit
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 coherence
regime to obtain a smeared since factor (i.e., smeared
Fourier spectra of the slit aperture) in the Fourier plane.
An amplitude filter ean then he synthesized by simply
recording this smeared sinc {actor on a photographic
plate. If the film-gamma of the recorded plate is con-
trolled to about unity (i.e., ¥ = 1), the amplitude
transmittance of the recorded plate is equivalent to that
of the desired fan-shaped amplitude filter. However,
in practice, a fan-shaped type amplitude filter is not
that easy to synthesize due to three primary reasons.
First, if a very small source size is required for the filter
synthesis, it usually takes a longer exposure time, for
example, if Kodak 649F plate (a low-speed film) is used.
Second, the spectral response of the recording plate is
generally not uniform for all visible wavelengths. The
recorded filter would produce uneven transmittance in
the direction of the smeared color spectra. The effect
of the transmittance variation of the filter would affect
the fidelity of color reproduction and the degree of
restoration. Third, it is difficult to svnthesize a side-
band amplitude filter, since the dynamic range of the
photographic {ilm is very limited.

There is an alternative technique of generating a
fan-shaped amplitude filter with coherent illumination
as shown in Fig. 5. The purpose of using a curved-slit
aperture is to accommodate the scale variation of the
amplitude filter. The expression of the curved-slit
aperture can be written

: A
dlx ,v;A) = rect ( " ) ) (.\' - —/-]).,] , (1
W )\u/a\ 2

where Aq is the wavelength of the coherence source, W
is the smeared length of the blurred image, f is the focal
length of the evlindrieal (ransform lens, and A is the
wivelength of the white-light source,

The corresponding Fourier transformation of the
curved-slit aperture can be shown as

. r W . M
Dot N = sine [—— (3] » Alev = — o] » {14)
b9 27

where « denotes the convolution operation.

Irae clear now that a photographic recording of the
cpectra shown in K. (14) would produce a desirable
‘ar. <naped amplitude filter for deblurring.  In synthesis

v s nroadband amplitude filter, a He-Ne laser. with
<+ cutiry ground glass to reduce the artifact noise. is

LN APEUEDL OPTICS Vol 22.No. 10 / 15 May 1983
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Fig. 6. Generation of amplitide tiher S monacheomatic plane wave;
CL, cylindrical transform lens.

used as a coherent source. Kodak 131 plate is used for
the recording plate, and a 6-min developing time in a
POTA developer at 24°C is used to control the film
gamma to about unity. The spectral wavelength limits
are chosen from 4000 to 7000 A. Within the dynamic
range of the recording film, five sidelobes of ~300-1
dvnamic range (or a density range of 2.5) are recorded
with good accuracy. The fan-shaped amplitude filter
obtained is tested with satisfactory results.

V. Experimental Results

In this section we shall provide a few experimental
results of image deblurring utilizing a broadband
white-light source. Inourexperiments, a 75-W xenon
arc lamp with a 200-um pinhole is used as a broadband
white-light source. A phase grating of 130 lines/mm
with 25% diffraction elficiency at each first-order dif-
fraction is used at the input plane. An /8 transform
lens with 300-mm focal length is used for image Fourier
transformation.

We shall first demonstrate the effect of the broad-
hand deblurring as compared with the narrowhand and
the result ohtained with coherent source. For sim-
plicity of illustrations, we use a set of linear blurred al-
phabets as input objects as shown in Fig. 6(a). The
smeared length is ~0.5 mm. Figure 6(b) shows the
deblurred image obtained with this hroadband de-
blurring technique, and the spectral bandwidth is ~3000

under white-light illumination. Figure 6(c) is the
result obtained with a narrow spectral band deblurring
filter of ~AX = 100 A centered at 6328 A, Figure 6(d)
is the deblurred imegre obtained with o e Ne coherent
source.  In the comparison of these results, we see (hat
the results obtained with a hroad spectral hand white-
light source offers a higher deblurred image quality; for
example, the coherent artifact noise is substantially
suppressed, and the deblurred image appears to be
sharper than the one ohtained with a narrowband
Case.,

We shall now experimentally demonstrate the ca-
pability of the white-light technique for color images.
Figure 7(a) shows a black-and-white color blurred image
of a building due to linear motion as an input color
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PENN PENN
STATE STATE

PENN  PENN
STATE STATE

Fig. 6. Smeared image restornlion of the !

words PENNSTATE: (1)
swenred imnge, (W deblorred image obtained with broadband
white-light suurce, (c) deblurred image obtained with narrow spectral
band white-light source, and (d) deblurred image obtained with co-

herent source.

(b)
Continuous-tane color image deblurring:
white picture of a smeared colnr photograph of a puilding. th) a

black-and-white pictire of the dehlurred color image

tat a hlack-and- Vi
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object. From this figure we see that the white window
frames, the lront doors, bushes, two white beams, trees,
etc. are severely smeared. Figure 7(b) shows the de-
hlurring result that we have obtained with this white-
light processing technique. From this figure, we have
seen that the color reprodaction is rather faithful and
the deblurred effect is spectacularly good; for example,
the window frames, the bushes, the beams, the front
doors, the trees, ete. can be clearly identified.

We would now provide another more striking exam-
ple of the color image deblurring with this white-light
processing technigue. Figure 8(a) shows a black-and-
white linear-motion blurred picture of an F-16 fighter
plane. The body of this fighter plane is painted in
blue-and-while colors, the wings are mostly painted red,
the tail is blue-and-white, and the ground terrain is
generatly o bluish color, From this figure we see that
the letlers on the body on one of the wings and on this
side of the tail are smeared bevond recognition. The
details of the missiles at the tips of the wings are lost.

=~ Colorimage debinrring  1ar a black-and-white picture of a

cmeared (oinr image of an b I fizhter plane. (hy a biack-and-white

meture of the aebiurred color image
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The star svmbols at the tail end of the body and on the
top of the wings are badly distorted. The features of
ground terrain are obscured. Figure 8(b) shows the
color image deblurring result that we have obtained
from Fig. 8(a) with the proposed white-light deblurring
technigue. From this debiurred result, the letters
USAF on the wing and YF-16 on the side of the tail can
he clearly seen. The words U.S. AIR FORCFE may be
recognized. The star svmbol on the wing can be clearly
identified: however, the one on the body is rather ob-
scured. Undoubtedly, the missiles at the tips of the
wings can be seen, and the pilot in the cockpit is quite
visible. The averall shape of the entire airplane is more
distincetive than the blurred one. Moreover the river,
the highwayvs, and the forestry of the ground terrain are
far more recogmzabie in tins deblurred image. 'I'he
color reproduction of the deblurred image is spectacu-
larly faithful, and coherent artifact noise is virtually
nonexistent. There is, however, some degree of color
deviation inherently existing in the deblurred image.
These are primarily due to chromatic aberration and the
antireflectance coating of the transform lenses. Nev-
ertheless, these two drawbacks can be overcome hy
utilizing good-quality achromatic transform lenses. A
research program is currently underway to investigate
this effect. Further improvement of the deblurring can
also be accomplished by utilizing a blazed grating for
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
research.

V. Summary

We have shown a broadband color image deblurring
technique utilizing a white-light source. This hroad
spatial band deblurring technique utilized a grating hase
method to obtain a dispersed smeared iniage spectra in
the Fourier plane so that the debjurring operation can
be taken placed in complex amplitude for the entire
visible wavelengths. "T'o perform this complex ampli-
tude deblurring for the entire spectral band of the light
source. we have shown that a fan-tvpe deblurring filter
to compensate the scale variation of the smeared signal
spectra due to wavelength dispersion can be utilized.
To alleviate the low transmission efficiency of the de-
blurring filer, we synthesized the deblureing filier with
the comhbination of o broadband phase filter and a
fan-shaped ampliude filter. The broad spectral band
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phase filter is synthesized by optical conting techniques,
while the neshaped amplitude Nilter is obtained by a
1-D coherent processing technique.

By comparison of the results obtained by the broad-
hand image deblurring with the narrow spectral band
and coherent technigques, 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 de-
blurring results obtained by the broadband deblurring
technique. From these color deblurred images we have
seen that the fidelity of the color reproduction is verv
high and the quality of deblurred image is rather good,
Although there is some degree of color blur due to
chromatic aberration of the transform fenses, it can be
eliminated bi utilizing higher-quality achromatic
transform lenses.

Further improvements of the deblurring can also be
obtained by utilizing a blazed grating 1o achieve a higher
smeared spectral diffraction efficiency so that a wider
spatial band deblurring filter can be used to achieve a
higher degree of deblurring. Finally, we would like to
point out that the utilization of higher-quality achro-
matic transform lenses and a blazed grating for the
broadband image deblurring technique is currently
under investigation.

We acknowledge the support of the U.S. Air Force
Office of Scientific Research grant AFOSR-81-0148.
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COLOR IMAGE SUBTRACTION
WITH EXTENDED INCOHERENT SOURCES
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Soustraction d’images en couleur
utilisant des sources étendues incohérentes

SUMMARY : A technique of color image subtraction with encoded
extended incoherent sources is presented. The objective of the source
encoding is 10 obtamn a reduced coherence requirement for the image
subtraction so that the inherent difficulty of obtaining an incoherent
point source can be alleviated. Experimenta! results for the color
image subtraction oblained with the incoherent processing techni-
que are given. Since most images are multi-colored, this color image
subtraction technique may offer a broad range of applications.

I. — INTRODUCTION

One of the most interesting segments of optical
information processing must be the image subtrac-
tion. The applications may be of value in earth resource
studies. urban development, highway planning. land
use. surveillance. automatic tracking. and many
others. The image subtraction may also be applied
1o video communications as @ means of bandwidth
compression. For example it is only necessary to
transmit the differences between the two images
I successive cvcles, rather than the entire image 1n
each cycie.

There are several techniques available for image
subtraction. which can be found in a review paper by
Ebersoie [1). However mos: of the optical image
subtraction techniques have rehie¢ on a coherent
source to carry ou: the subtraction operation Bui &
coherent opucal processing sysiem 1s piagued with
coneren: nese. which frequentiy hmils 1S processing
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RESUME : Nous présentons une méthode de soustraction d'images
en couleur utilisant des sources incohérentes codées. Le but du
codage est d'obienir la cohérence nécessaire pour nolre expérience
avec une source relativement grande. Nous donnons des résuliats
expérimentaux. La plupart des images éiant des umages en couleur,
cette technigue de soustraction peut avoir des apphications diverses.

We have in a recent paper {2] demonstrated a
technique of image subtraction utilizing an exiended
incoherent source. Since the image subtraction is &
one-dimensional processing operauion and the spa-
tia] coherence requirement for the subtraction opes-
ratjon is & poimi-pair coherence requirement. it is.
therefore, possible 10 encode an exiended source 10
obtain the requirec spatial coherence. In a previous
paper [3] we have showr a Fourier ransform rela-
tionship between the spaual coherence and source
intensity distribution. In principie. it is possible 10
encode an extendec source to obiain an eppropriate
spatial coherence for specific imformation processing
operations.

Strictly speaking. all images in the visible wave-
lengths. which includes the black-and-white images.
are color images. Therefore 1 is of interes: for us.
iIr, this paper. 10 extené this incoherent processing
technigue for color wmage subiracilion.

II. — COLOR IMAGE SUBTRACTION

sudtracucen

We will now cescrive & cojor image
operanuern wiih oar encodec exiencel incoheren:
source, ey Ceminiel o Trwr 0 FOr oemphiny, wo
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F1G. 1. — Color Image Subtraction with Encoded Extended Incoherent Sources. BS : Beam Spliter, MS ; Source Encoding Mask, L ;. Achromatic
Transform Lens, G ; Diffraction Gratings.

incoherent light sources, each for a difierent color of
light (i.e., red and green), are used for the subtraction
operation. For the detailed analysis of image sub-
traction with an encoded extended source we refer
the reader to our previous paper [2].

In color image subtraction, we insert the color
image transparencies O,(X, v) and O,(x, y) in the
open apertures of the input plane P, which can be
described as

(1) fix,3) = 0,(x — ko ¥) = Oz(x =~ hg, ¥),

where I h, is the separation between the two input
transparencies O, and 0. Two sinusoidal gratings
G, and G. designed for the rec and the green color
wavelengths respectively are inserted in the spatial
frequency piane P,, and can be writien as

(2 G, =é[l - sin (hy p,)] .
and
(3) G: = 2 [1 = sin (kg p,)].

where p, = (Z=x)(+, f) and p, = (2 =2)(s, f) are
the spatial frequencies of the graungs. 7, and /., are
the re¢ anc green color waveiengths. x denotes the
spatiai coordinate in the same direcuion as p. and f 1§
the foca! iengit of the achromatic transform iens L..
By & straighi-forward bu: rather cumbersome eve-
luatior. the irradjance around the ongin of the ouiput
rnage piene £, cen be shown (I

(&0 Itx v = Lexosy = Lo v
=K O x. 3 = O.x, 0 7 =
=K O v = 0.5 00 "

where /,(x, y) and /,(x, y) denote the red and green
subtracted color image irradiances, O,,, O,. O,,
and O,, are the corresponding red and green color
input oéjeas. From Eq. (4) we see that the subtract-
ed color image can be obtained at the output image
plane. Since the color image subtraction is obtained
with extended incoherent sources, the coherent arti-
fact noise can be suppressed.

IIl. — SOURCE ENCODING
FOR IMAGE SUBTRACTION

We would now consider 2 source encoding technique
for image subtracuon. As we have pointed ou: earher.
the image subtraction is a 1 — D processing opera-
tion and the spatial coherence requiremeni is depen-
dent upon corresponding image points 10 be subtract-
ed. Therefore, insteac of utilizing a sirictly broac spa-
tial coherence functior. a poini-pair spaual coherence
is sufficient. To insure a2 phusically realizable source

intensity distribution. we lei the point-paur spatial
coherence be [Z. 3]

(5) Iix~x|= -
Nsin = v - x|
"C
y nt | =—— 1 - x
ho &

where 2 £, 18 tNe Separalion DeIv e4n the iTnage DOING
N » 1 e posiuve mnteger. anc v & & 1he frst fadt
of Eg. (3, represents & sscuenit O narrow Duises
Dresent @l every X — N hAL. Wasre Ko & posilve
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integer, and the peak values of the pulses are weighted
by a broader sinc factor, as shown in figure 2(a).
From this figure, we see that there exists a high degree
of spatial coherence between every point-pair of the
two input objects O, and O,. By taking the Founer
transformation of Eq. (5), we obtain the following
intensity distributicn [3]

N .
6) S(ixl) =Y rect ('—’in—"‘” .

n=1

where w is the slit width, d = (4 f)/h, is the separation
between the slits of the source coding apertures, 4
is the waveiengih of the light source, and J 1s the focal
length of the collimating lens. Thus the intensity
distribution of Eq. (6) represents N number of narrow
slit apertures with equal spacing 4. as shown in
figure 2(b). From this result, it is possible 10 encode
an extended source to obtain a spatial coherence func-
tion at the input plane for the subtraction operation.

-,
L]

Six,)
wel
<
w <
th
Fic. 2 — (a1 A Poini-parr Spcta! Coherence Funcuior (b1 Source

Encoaing Mask .

Since the scale of the Fourer specirwn vanes with
the wavelength of the Light source. & tempora. cohe-
rence requirement shouic aiso be 1mposec or even
processing operatior. Ir. other words. ihe specira
width (€. tempora. conerence: ©f ine light source
shouié be resinictec b ine foliowing inequality (3
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spatial frequency requirement is high, then a narrow
spectral width of the light source is required.

IV. — EXPERIMENTAL DEMONSTRATION

Strictly speaking, light sources emitting all primary
colors (i.e.. red, green, and blue) should be used for
the color images subtraction. For simplicity of expe-
rimental demonstration, a mercury arc lamp with a
green filter (5461 A) and a zirconium arc lamp with
a red filter (6 328 A) were used for the color light
sources. The intensity ratio of the two resulung light
sources was adiusted iv about unity with a variable
beam splitter.

The slit widths for the source encoding masks were
about 2.5 p and the spacings of the slits were 25 u
for the green wavelength and 29 p for the red wave-
length. The overall size of the source encoding masks
was about 3 x 3mm? which contained about 120
and 100 slits respectively. The focal length of the
transform lenses was 300 mm. A hquid gate comaining
two color image transparencies about 6 x § mm“
each and with a separation of about 13.2 mm was
placed behind the collimator. Two sinusoidal gratings
with spatial frequencies of 1/(25 p) and 1/(29 u) were
used for the green and red color image subtraction
operation, as shown in figure .

In our first experimental demonstration, we provide
in figures 3(a) and 3(b) two sets of different colored
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English words as input objects. Figure 3(c¢) shows
the subiracted color image obtained with the color
subtraction technique. The input words STATE
UNIV. are red and green respectively in one set but
they are green and red respectively in the other set

.while in the subtracted image, as shown in figure 3(c/,

both words are in yellow color, which is consistent
with the result we expected. In other words, the sub-
tracted image of red and green produces yellow color
since the red and green wavelengths are incoherent
and therefore add incoherently to produce a yellow
color.

For a second demonstration, we provide two conti-
nuous tone color images of two sets of fruit, as shown
in figures 4(a) and 4(b). By comparing these two
figures, we see that a dark green cucumber and a red
tomato are missing in figure 4(b). Figure 4(c) shows
the subtracied color image obtained with this incohe-
rent color image subtraction technique. In this result.

Fie & — Coior image Suviraenor. Cowinuou Tone Oriwe:

ta: €ty jrour Cawor Ooiwer Transparercier Suriraciec Coure

imaee
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the profiles of a cucumber and a tomato can be seen
at the output image plane.

For the final demonstration. we again provide
two continuous tone color images of a parking lot as
input color object transparencies. as shown iIn
Sfigures S(a) and 5(b). From these input transparen-
cies. we see that a red color passenger car shown in
the parking lot in figure S(a) is missing in figure 5(b).
Figure 5(c) is the color subtracted image obtained
from the incoherent color image subtraction techni-
que as previously described. In this figure, a red
passenger car can clearly be seen at the output image
plane. 1tis also interesting to point out that the parking
line (in yellow color) on the right side of the red car
can readily be seen with the subtracied image.

{a)
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V. — CONCLUSION

We have introduced a color image subtraction
technique with encoded incoherent sources. 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 be alleviated. Since the
technique uses incoherent sources, the annoying
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
which a program is currently under investigation. In
experimental demonstrations, we have shown that
color subtracted images can be easily obtained by this

TR TWINY Lt - % R A ¢ §
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incoherent subtraction techmique. Since virtually all
images of natural objects are color, the technique may
offer a wide range of practical applications.
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Rainbow holographic aberrations and the bandwidth

requirements

Y. W. Zhang, W. G. Zhu, and F. T. S. Yu

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 & high-quality rainbow hologram image. In terms of bandwidth re-
quirements. we have shown that the bandwidth requirement for & rainbow holographic construction is usually
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.

. Introduction

The rainbow holographic process of Benton! involves
two recording steps. First, a primary hologram is made
from a real object with the conventional off-axis holo-
graphic techniques, and second, the rainbow hologram
is recorded from the real hologram image from the pri-
mary bologram. The relaxation of the coherence re-
quirement on the reconstructing process arises from the
placement of a narrow slit behind the primary hologram
in the second-step holographic recording. However, the
two-step holographic recording process is cumbersome
and requires a separate optical setup for each step. It
is usuallv a major undertaking for laboratories with
limited optical components. An aliernative method of
obtaining a rainbow hologram is the one-step process
of Chen et al.?-5 Theyv had showr that the one-step
technique offers certain flexibilities. and the optical
arrangement is simpler than the conventional two-step
process. We also note that the color blur of the Benton
tvpe rainbow hologram has been subsequently analvzed
by Wyant.® Chen." and Tamura.! Recently. Zhuang et
al.® investigated the image resolution and color blur for
a one-step rainbow holographic process utilizing dif-
fraction optics.

In this paper. we shall evaluaie the primary aberra-
tions and bandwidth requirement for 2 rainbow holo-
graphic process. The correlations for the elimination
of the rainbow holographic aberrations are presentec.
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Since the effective aperture of a rainbow hologram
is generally smaller than that of a conventional holo-
gram, the spatial bandwidth requirement is generally
somewhat lower for the rainbow holographic process.
Therefore, it is usually possible to construct a rainbow
hologram utilizing a lower-resolution film.

Il. Rainbow Holographic Resolution

In a recent paper,5 the resolution limit and color blur
of a rainbow hologram were analyzed from diffraction
optics. However, in practice, the slit used in a rainbow
holographic process is many orders larger than the light
wavelength. Therefore. the rainbow holographic pro-
cess can also be approached from slightly different
configurations as depicted in Fig. 1. For simplicity,
both the recording and the reconstruction processes are
drawn in a composite diagram, where H, represents the
primary hologram which is in contact with a narrow-slit
aperture SL. H, represents the constructing rainbow
hologram, O(x¢,vo) is the object image point. I{(x;,»;) is
the rainbow hologram image poini. and Rz, ,,) and
Ctx., ) are the reference and the reconstruction point
sources. respectively. We note that if O and SL rep-
resent the object and slit images due 10 an imaging lens.
the same diagram of Fig. 1 can also be used for the
analvsis of a one-step rainbow holographic process.

With reference to Fig. 1. it is eviden: that the coor-
dinate points Py; and P)- are the marginal extensions
of the rainbow holographic recording region. which can
he writlen as
€., .
3 1
¢, -e
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Thus, the complex light-amplitude distribution due
to the object image point O at the rainbow holographic
recording plate Hy is

Ui(x;ky) = Ay expl—ik;|d? + (x ~ x0)2]1/%, (3)
and the corresponding complex light distribution due
to the reference and reconstructing (called illuminating)
beams are

Uslxiky) = Az expl=iki|L] + (x = x,)31/4, ()

Ualx:kg) = Ag expl—ikq[L} + (x = x.)2]V2}, (5)
respectively, where the spatial impulse response is

hila — x:kg) = Ag explikg]l? + (o ~ x)2]1/2, (6)

Al is a complex constant, k = 2x/X, and A\; and X, are
the wavelengths for the rainbow hologram construction
and the reconstructing processing, respectively.

The corresponding complex light field of the rainbow
hologram image point ] is

P
Bilackg) = C, fp !

du
' U\UsUshidx = Cy sinc [—“— (@ + a,-)) .M
12 Aogl;
where

- dLyL-
‘uL\Ly+dL, - udLy

(8)

— 9)
1

(l;.«;) identifies the position of the rainbow hologram
image point I, and u £ Ao/A,.

The magnification of the hologram image can then
be written as

1 ll -

M,=1=57=(1——‘i-+iz)’, (10)
X c

and the resolution limit of the rainbow holographic

process is

3

Al (] - ‘-)
e AaL1La(d + §)
W (uL;L;‘L,d ~ uLlac W

where W is the slit width. If both the reference and the
reconstruction beams are plane waves, the resolution
limit becomes

AH, =

(11}

-—
»

Q\
-
|

-

e 3
=

be— o

¢ ° !
u ! e,
I SL !IA 1
| b
r~ e

Fig. 1. A composite rainbow holographic construction and recon-

struction process for the evaluation of the hologram image resolution

and the primary aberrations: H,, primary hologram: SL, slit aper-

ture; W, slit width; Hy, rainbow holographic plate; O, object image

point; I, rainbow hologram image point: R, convergent reference point
source; C, white-light reconstruction point source.

= }\]‘d + )
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We note that these results are identical to the results we

obtained previously bv Zhuang et al.}¢ It is evident

that this partial geometrics approach simplifies the
rainbow holographic analysis.

AH, (12)

lil. Rainbow Holographic Aberrations

In evaluating the rainbow holographic aberration, we
expand the exponent of Eq. (7) in binomial expansion
such as

. (x—a¥® (x—a)*
elxk)=k|L2+ (x—a)Y o=k |1+ l—-z-Li- --’Ef—

(13

Thus. by retaining the first three terms of Eq. (13). the
third-order primary aberrations of a rainbow hoic-
graphic process can be obtained.

To evaluate the third-order primary aberrations. the
phase factor of the real rainbow hoiogram image can be
writlen as

R N T P L R O I - P I T L AR P LIRS
- ;LE -y - ;‘I:’ S —:.,D:” .- i.': -0, —xi - 'j_ -\ ’:}" - [PEX
With reference to the binomial expansion of Eq. (134,
Eq. {1+ can be written as & configuration of the oraer
terms. l.e..
~ = -~ - \‘ - -
where ¢,. ¢ry. ané ¢ are the firsi-. second-. anc
nigher-oraer terme. WhIch shail DE IgNOTEC 1N OUT €V & -
Uallon. L ne thirc-orger term. ¢ .1k WItlEn as
1 . .
Co®— — - - - - - oa

u\ “1‘!.: B\ t\ .E\ [ .&'\ [‘- ['n‘&%\‘ﬁ\_&'m -
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Table |. Rainbow Holographic Aberrations and the Conditions tor Elimination
Name Formula Condition of eliminating aberration
u _u 1
ical Se—c—t - - uelid=l L, =1L,
Spher RPN )
u M @ X . ) .
C,‘FI‘I, ﬁxo"',—?—a u=lidslLi=Ll,= e,
Coma
C =—)'—iv +§1—“—' buli-kv-x—' —areﬁnne
YL T ETT R L 'L L L L
KXy pxp X, =1 .
AT T Ta’%ﬁ p=ld=l:L =Ly =«
N . KXV HXQYO XeNe Xe de  Xeo N,
S A —_——— - but,— «— . — . — are finite
Astigmatism ST R K L,'L L L
A, e BT _wvi BU_ xt
Y S L F R
Curvature of field F=f§(x3+.\'3)-d—(xa+\3) u=ld=l.L=L =«
1
- 1 , X, Ne X,
+ = tal + B~ = (xF+ 3P} but, — - —  — . — are finite
g Bl = pplxe sy L, 'L, L L;
u . ab x!
b= Gy -t B g
Distortion P P LA P14
. L, L:L Ly
u u 8 »¢
D, "L—?.\'?-;;.\%*—:'L—;
Bv substituting the relation of x = r cosf and v = r sinf i loes = (C. coshi~ C. s — jan
into Eq. (16). the third-order phase factor can be shown TR T T e : P
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tions. By comparing this equaticn with Eg. 117 the
eguations for the five primary rainbow noxo;rapmc
aberrations can be obilainec as tabuiated in Tabie 1.

Ir. this wable. the conditions for the elimination of the
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affected by the wavelength spread AX; during the re-
construction process. We note that this wavelength
spread A\, is limited by observer eve through the slit
image. Thus, the effect of aberration variation due to
Az can be determined as shown in the following, for
simplicity as a 1-D notation:

AS'-()_ATZZ)[&%(L-‘—%) an() ] §

From Eq. (21) we see that the variation of the astig-
matism is identical to that of the variation of curvature
of field. In ending this section, we point out that the
above equations have useful applications for evaluating
the rainbow hologram image quality.
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IV. Bandwidth Requirements .
/
Since the effective aperture of 2 rainbow hologram !
is generall\ smaller than that of & conventional noic- :
gram. it ic possible that a lower-resolution fiim can te i
utilized. Therefore. it is our aim in this sectior 1o ¢+ i

cuss the bandwidth requirements of & rainbow ne. -
graphic process.

We shall investigate for the case in which the s[1t ar
the object image are located at opposiie siCes «* ¢
rainbow holographic piots A« as shewrin Foo o v
O, and (n are the Two external point: ..« ¢
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Similar to what we did in previous sections, the
complex light fields U}, [/5. and Us due to the object
image points O, and O, and the reference beam R can
be formulated. The terms contributing to the rainbow
holographic reconstruction process are

(x = xo1)?
UhU3 + Ul = 2| A, [{Asf cos {k, lL, -d- —”—2-:&
' - )
G ==, ] . (24)
2L,

e N B (1‘1m)2

l/zb:(“‘ LI:!LQ‘2|A2“A3I cOos k] L‘—d-__zd_—
E Sl 1 B (25)
2L, 2 *

where A;, Ag, and A, are the complex constants, and 6,
and f; are the constant phase factors. The phase shifts
due to the Uy, U, and U5 are

(x —x0))?  (x = x,)7
=ky|L,-d~- + + 6, (26)
e =k [ 1 d oL, 1
(x = xg2)?  (x = 2,7
P -d- L
a2 =k [Ll d o + oL, + 8, (27)
respectively.

The derivatives of ¢3; and ¢392 represent the angular
spatial frequency along the x direction. Thus, the
corresponding linear spatial frequencies are

90

where r denotes the spatial frequency. Therefore, the
spatial frequency bandwidth of the rainbow hologram
can be shown as

1
Ar = "32I!'P22 - 1131',-}:“ ' — I(L1 + S)Alo

MLyg
+ (L ~ VW], (30)
whereg = s + d and Axp = xg2 — x¢;. If we let
1 s
by = — (1 + —) Axg, (31)
Ayg = — (1 -—]|W, (32)

Eq. (30) reduces to
Ar = Avy + Avg, (33)

where Ar; and Av, are the spatial frequency bandwidths
due to the size of object image and the slit of the rainbow
holographic construction. respectively. Moreover, Eq.
{30) can also be written as

Ar= = Axo+ W+ (sAxg - dW) - - (34)
Aig L,

From this equation, we see that if (Axq)/W > d/s, in-

creasing L, can compress the spatial frequency band-

width of the rainbow hologram. On the other hand. if

{Axg)/W < d/s, decreasing L, can also compress the

spatial frequency bandwidth of the rainbow hologram.

1 deg X, . A
gy = E—f )‘ [(—- -) d -Z- . (28)  However, for the case (Axq)/W = d/s, the L, is inde-
'l X
; ! pendent of Ar.
pao = ddem 101 l) e f_'] (29) Table II shows the spatial frequency bandwidth re-
2r dr ML, 4 4 L quirements for various rainbow holographic recording
Table ll. Rainbow Holographic Bandwigth Requirements
L, Reference waveform Ar
1 .
L;=« plane wave — (Axg+ W)
g
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P<l.<¢ convergent — i el 0
Auf i Ly
' R
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conditions. In this table, the notation p denotes the
distance from rainbow holographic plate H, with re-
spect to the reference beam R, where the paraxial ap-
proximation holds.

We note that, for a 2-D case, the general formulas for
spatial frequency bandwidth requirements for a rain-
bow holographic process can be written as

*

1 s
Ay, = — |1 + —| Axo +
S o L

- W
L,

d

: L.l I‘] '

where Ar, and Ar, are the corresponding spatial fre-
quency bandwidths in the x and y directions, respec-
tively, for AXq > O, Ayq> 0,and s > 0. Itisinter-
esting to note thatif s = O, W= L,,and L = L,, which
correspond to the recording conditions of a conventional
hologram, Eq. (35} reduces to the results obtained by

Yu, e,
d
L,] :
1 -——

] —-——

L,

L,] :
1

To have some feeling of magnitude, we would provide
two numerical examples as given in the following:

(1) For conventional holograph construction process;
welet L, = L, = 100 mm, Axg = Ay, = 60 mm, d = 200
mm,L; — «,and A\; =5 X 10~ mm. By substituting
these data into Eq. (36). we obtain the following band-
width requirements: Ay, = Ar, = 1600 lines/mm.

(2) For rainbow holographic construction process,
welet W=Tmm.L =100mm, s = 830 mm, d = 40 mm,
L, =1000mm, A\; =5 X 10~* mm, and Axq = Ay, = 6
mm. By substituting these data into Eq. (35). we obtain
the following rainbow holographic bandwidth require-
ments for the x and » directions: Ar; = 40 lines/mm,
and Av, = 246 lines/mm. In comparison with these two
numerical examples. we see that the bandwidth re-
quirements for the rainbow holographic construction
are sormewhat lower than those of the conventional
holographic process. Thus. in practice. a lower-reso-
lution film can be utilized for rainbow hologram re-
cording.

(35)
A_Vo +

Av, =-]—[|1 +=
) )\1[,‘ L]

: 1
A, = = |Axg+
' A,d[ °

1 (36)
Ary =—|Ayo+
> Md[ Yo
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V. Conclusion

The image resolution and third-order primary aber-
rations of a rainbow holographic process were derived.
The results that we have obtained are rather general,
for which the resolution limits and the aberrations of
a conventional holographic process can be derived from
these results. The conditions for the elimination of the
rainbow holographic aberrations were also presented.
These conditions are very useful for controlling the
rainbow holographic image quality.

The bandwidth requirement of a rainbow holographic
process was also evaluated. As compared with the
conventional holographic process, the band