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1. Introduction

During the past year, our research in '"white-light otpical information
processing and holography' has demonstrated several significant results
that several of optical information operations can be carried out with non-
coherent source. As in the past year, we have been quite consistent in
reporting our AFOSR sponsored research in various journals and conference
publications. Sample copies of these papers are included in this report
as in the following chapters to provide concise documentation of our work.
In the following sectins, we will provide a general overview of our
research progress made in the past twelve months. Details on some of
those research progress are immediately provided in subsequent sections.
A list of publications resulting from AFOSR support is included at the

end of this report.

II. Summary and Overview

Since the intended research program is for the white-light optical
information processing and holography, attention gathering the optical
components for use in such a processing system is necessary. The basic
system involves white-light (Xenon and Zirconium arc lamps), incoherent
(Mercury arc lamp) light sources, achromatic lenses, diffraction gratings,
(amplitude or phase type), complex spatial filters and various supporting
electro-optical elements. The basic systems of this white-light or
incoherent light optical information processing system was synthesized
during the earlier part of the first six month period, as shown in Fig. 1,
Since the use of incoherent source for the processing, the physical
processing environment Iy not as crltfcal as coherent optical processor:
For example, weighty optical bench I8 not required and 1t is not required
to have completely dust free environment. This white-light optical

processor greatly simplifies the stability and ruggedness of the pro-
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A White-Light Optical Processor

Figure 1.
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cessing system. Another interesting feature of this system 1s that the
liquid gates are generally not required for the processing operation.
Futhermore, because the use of broad spectral band white-light source,

the system is particularly suitable for color image processing.

2.1 Smeared Image Deblurring (See Section III)

Our research in the past year period has included the smear.d-
photographic-image deblurring {1}, sample of the result is shown in
Fig. 2a. In comparison with the result obtained by coherent source,
the one obtained with the white-light source offers a fewer artifact
noise. L wever, the deblurring spatial filter that we used were a
narrow spectral band centered at 5154; green light. To compen=sate
for the scaling of the signal spectrum due to the wavelength ¢f the
white-1light source, a fan-shaped deblurring filter should be used.

The generation of a fan shape deblurring filter by means of computer
technique and optical coating technique will be reported in the
future annual reporcs.

We have also extended this image deblurring technique to color
phctographic image deblurring [2], as shown in Fig. 3. We have pointed
out earlier, the white-light processing technique is suitable for color
image processing, the color image deblurring was achleved with narrow
red and green color deblurring filters. The center wavelengths of this
set of deblurring filters were about 63282 and 54612 respectively. The
filter bandwidth contained five main lobes and thus spectral widths
are axhout IOOR. From the result of Fig. 3, we see that the deblurriné
effect of the green letters "P" and "C" scems to be more effective than
other color letters. This is primarily due to linear amplitude transmittance
of these smeared letters. 1In cther words, tiie smeared letters of red and

yellow colors were more saturated.
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We note that, the results of image deblurring were utilized narrow
spatial filters in the spatial frequency plane. Extension to the whole
spectral band of the white-light source on the aspect of the synthesis
of a fan-shape spatial filter concept for image deblurring is the
subject of current research that will be reported upon in the future

annual reports.

2.2 1Image Subtraction (See Section TV)

We have in the past year investigated the possibility of using
incoherent and white-light sources for image subtraction. Since
optical image subtraction is a one-dimensional processing operation,
instead of using a point source of light, a line source can be
utilized. Moreover, the image subtraction operates upon the one-to-
one correspondent lmage polnts, a strictly broad coherence requirement
is not needed. It is possible however to encode an extended incoherence
source to obtain a polnt-pair spatial coherence function for the image
subtraction operation [1-5] (see section V). In evaluating the spatfal
coherence requirement, we had applied the partially coherent theory.

In experimental demonstration, we provide a set of continuous tone
image transparencies as input objects as shown in Figs. 4a and 4b. By

comparing these two figures, we sec that a liquid gate was withdrawn

from the optical bench in Fig. 4b. Figure 4c shows the subtracted
image obtained with the incoherent source encoding technique, while .

Fig. 4d was obtained with coherent processing technique. From Fig. 4c,

a profile of subtracted liquid gate can readily be seen, which from }
the result obtained with coherent source, the subtracted image is
gevercly damaged by the coherent artifact nolse. Thus we see that the

incoherent technique is indeed offecring a better image quality.
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We have also extended this Image subtraction technique for color
images [6,7], as shown in Fig. 5. Fig. 5a and 5b shows two color
images of a parking lot on input color transparencies. We note
that a red color passenger car in Fig. 5a is missing in Fig. 5b.
Figure 5c is the color subtracted image obtained with the incoherent
source encoding technique. 1In this figure, a profile of red passenger
car can clearly be seen at the output image plane. It is also
interesting to see that the parking line (in yellow color) on the
right side of the red car can readily be seen with the subtracted
image.

Again, we note that, the results of image subtraction with encoded
extended incoherent source were accomplished by narrow spectral band
of light sources. Extensive additional research on the aspect of
source encoding for extended white-light source is the subject of

current research that will be reported upon in future annual reports.

2.3 Visualization of Phase Object (See Reference 8)

We have extended the color image subtraction technique for visualiza-
tion [8] as shown in Fig. 6. By this variation of color coded fringe
pattern, it is possible to determine the phase variation in more detail.

The detail analysis of thils work will be reported in our next annual

report.

2.4 Coherence Requirement (See Reference 9)

We have also in this period evaluated the coherence requirement
for white-1light optical processing [9]. The spatial and temporal
cohercnce requirements for smeared tmapge deblurring and image sub-
traction problems were evaluated. For image deblurring, we show

that spatial coherence requirement {s dependent upon the source slit
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size, the smeared length, and the spatial frequency of the grating.
For image subtraction, the spatial coherence requirement is dependent

upon the ratio of slit size and the spacing of the slit of a source

encoding mask, spectral bandwidth, and the separation of the input
objects. From the obtained coherence requirements, we were able to L
develop a general source encoding concept for partially coherent
optical processing [3].

The detail analysis of the coherence requirement will be reported

in our next annual report.

2.5 Remarks

We have demonstrated experimentally white-light optical informa-

tion processing technique utilizing a diffraction grating method. As

compared with the conventional coherent optical processing technique,
the white-light processing technique offers several basic advantages:
1. The cost of the processing system 1s significantly lowered
with the elimination of the laser sources.

2. The alignment procedure of the white-light processing

system is generally simpler than the coherent technique.

3. The output results are free from artifact noise that
generally plagues the coherent processing systems.

In short, the white-light optical information processing system
is simple, versatile and economical to operate. We would emphasize
that, there are many information processing operations which can be
carried out rather easily with a white-light source. In other words,
if a high spatial coherent requirement (a requirement has to be
evaluated) for an information processing operation is not needed, then
a white-light processing technique will be more advantageous. However,

if the demand of the spatial coherence for an information processing

S . i SR TR




operation is high, then coherent sources may not be avoided. We note
that, the analysis of the cost and merit as a function of coherent
requirement for the proposed white-light processing technique will be

evaluated in our future research.

2.6 Future Research

Our future research is expected to follow the general direction
addressed in the past year with a major attention given in the following:
1. We will synthesize a matched filter that is suitable for the

white-light optical processing technique. Experimental

demonstrations for the incoherent and the white-light processing
technique will be carried out.

2. We will carry out a computer generated spatial filter program
that is suitable for the broad spectral band optical processing
program. In other words, a multiwavelength and multiband
spatial filter may not be generated by coherence sources.
However, to compensate the wavelength variation it is, in
principle, to be generated by computer techniques.

3. We will carry out the experimental confirmations for those
computer generated spatial filters for complex signal
detection, image deblurring, image subtraction, color
encoding problems, etc. for a broad band of white-light
source.

4. We will investigate a source encoding technique for the image
subtraction for broadband white-light source. Experimental
confirmations will concurrently carry out for monochrome and
color image subtraction.

5. Since the white-light source contains all the visible wave-

length, we will develop a research program primarily devoted
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to color image processing. We note that, initially all

the visible imagecs are color.

6. We will investigate the possibility of implementing natural v
sun light in the white-light optical processor. Experiments
with the sun light processing technique will concurrent
carry out. We expect interesting results will be obtained
with the sun light source. ?

i 7. The analysis of the cost, merits, and limitations of the
proposed white-light processing technique will be evaluated.
With reference to the analysis, more sophisticated processing !

operation, as applied to wide-band signal and digital signal

processings will be carried out. !

8. We will investigate the possibility of developing a real-time E
white-1light optical processor. This recal-time processor should >

have the capability of performing the major optical processing

operations that a coherent processor can provide. We will also
investigate the possible application of the white-light and sun

light processing technique to some problems in optical computing

(e.g., digital or analog).

9. We would also investigate various possible applications of the
white-light optical signal processing for tracking and identifi-
catlon of aircrafts and missiles; spread spectrum communications;
counterfeit deterrence; acoutical-optical sonic spectral analysis,
and recognition; aerial and satellite picture processing,

enhancement and identification; and application to various bio-

logical and medical aspects.

In short, our goal is to develop a full research program on the

white-1light signal processing technique which has the capability of
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carrying out major processing operations that a coherent optical

processor can offer. This white-light optical processing system

is potentially important in many areas of monochrome and color z
signal processings. We stress that this white~light processing

technique will provide a first step toward the research and .

development of white-light and sun~light optical computers. We
note that, if the demand of the spatial coherent requirement for !

! an information processing operation is not stringent (which will

be determined in our future research program), then the white-light
signal processing technique is more convenient and reliable than
the conventional coherent optical processing techniques. However,

1f the spatial coherent requirement becomes very stringent, then

the use of a coherent source may not be avoided.
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White-Light Optical Information Processing
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f Optical processing of photographic images
i

F.T.S. Yu

Pennsylvanta State University
Electrical Engineering Department |
University Park, Pennsylvania 16802 :
Abstract. Recent advances in electro-optics have brought into use communica-
tion and information theory to analyze performance in coherent and incoherent
optical information processing systems. An optical information processsing ;
system can be aralyzed with many of the same concepts of linear system theory i
(e g., spatial impulse response, spatal frequency and spatial domain synthesis,
etc ), and the photographic images to be processed can be regarded in the same i
manner as time signals (e.g . spatial frequency content, spatial amplitude and 1
phase modulation, space-bandwidth product, etc.}. Both coherent and incoher- o
ent optical processing systems can be treated as linear systems, and the L
processing operation can generally be carried out by communication theory
concepts. .
Although coherent optical information processing operations have been '
J. L. Homer used for performing complex amplitude operations, complex processing can ‘
Rome Air Development Center also be performed with incoherent or white-light illumination. The importanqe . E
Deputy for Electzonic Technology of optical information processing operations, either coherent or incoherent, is '
Hanscom AFB, Massachusetts 01731 due to the basic Fourier transform properties of lenses. In this paper, we will ‘
discuss mostly the incoherent systems because they are of more recent interest | 3
and possess certain advantages, we feel, over the traditional coherent optical
processors. Experimental illustrations of the results are provided. i
In view of the broad area n opticat processing of photographic images, we j
will confine ourselves to a few applications that we consider of general interest. :
We apologize for the omission of other techniques and applications, and for '
neglecting the inclusion of therr references.
L
Keywords: photo-optical instrurmentation engineering; photographic images; coherent
optics, optical image processing.
Optical Engineering 20(5), 666-676 (September/October 1981) : ]
CONTENTS informatian theory aspects of optical processing: techniques first f
1. Introduction became evident. I'hc most impormm impact must be due to Gabor's i
2. Incoherent optical processing systems work on lightand information! w1951 Blias, Grey, and Rubm..s?)n'.s “
3. Photographic image deblursing work on Pouner treatment of optical processes® in 1952, Elias's A
4. Photographic image subtiaction papet m'l opties and commuanication theory Yin I‘)_SS; n‘ml loraldo di :
S. Nonhnear processing of photographic images l~ramm'u swork on lcml_\mg power and |||l})ﬂl\_‘.ﬂ|0|\‘ n 1955 How- i
6. Space-vin ant |\rnu‘\sing ot phulnptr;lphic e ever, the veny fnstapphication of t‘ommunlc;llu'm lhc:nr)’ to modern
7. Archivill stotage and color enhancement uApln'v.ul mlonation PLOCENMIE WS probably O'Nedfs work on spu- !
B Pscudocolor encoding of photographic imges l_!zll hiltermg m optiest in 1956, Becanse n! the broad nterest n this 7
9. Concluding remarks hch! at that tine, aspecial sympostum, Commumication and ll)_for- i
10. References mation heory Aspect ot Modern Opties,* took place in 1960. Since i
then, the application of communication and information theory to ‘ ‘
1. INTRODUCTION optical enal processing has commanded great interest. The applica-

tions of cotical spatial filtering were paracularly evident in the field
of radar sighal processing, and it was inthis field that Cutrona, Leith,
Palermo, and Porcello pablished a classic article on optical data i
provessimg and hltenmg sy tems” in 1960 This article stimulated o
broad mterest i opnical processing of photographie images, With
the mvention ol a strong coherent source, de., laser, in the early ¢
1960 1 esth and Upatiniekhs” work on reconstiucted wiveliont and
communmication theory® allowed for the first tme the formation of
high quality holographic imitges. Using the spatial trequeney carrier
concept of Fath and Upatnichs tor holography, the 1964 paper
“Signai Selection by Complex Spatiat Filtering” by VanderlLugt®
lnTneWap:; PIE 100 receved Apr 1 1981, accepted Jor publication Apr 6, 1981 m.”“_du“‘(-’ the ?uh|ecl ()fO[)!lCal character regognmon via the Opll'Cﬂ|
revened by Managing Fdwor May 8. 1981 matched tilter correlator. Since then opticai information processing
© 1981 Sorery af Photo-Optical Instrumentztion | ngineen has been applied 10 a large variety of problems. Therefore, it is

Communication and information theory was onginated by a group
of mathematically oniented electrical engineers whose interest was
cemtered on clectnical communication Nevertheless, from the very
beginning of this discovery ol comnmication and mlotmation the-
ory. interest in ity appheation to optical systems his been vigorous
As aresult ol recentadvances in oplicad signad processing and optical
commuaications, the relationstip between optics and communica-
tion theory has grown very rapidly.

Mention must be mide of a lew important carly contiibutions to
this ficld. It was in the carly 19508 that the communication and

6668 / OPTICAL ENGINEERING / Septombar/Octobor 1981 / Vol 20 No. %
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OPTICAL PROCESSING OF PHOTOGRAPHIC IMAGES

evident that commumcatnion and intormation theory has sumulated
a4 broad range ot application to modem  aptical intormation
processing

Coherent optical information processing opetitions e tradi-
tonally been reparded as the most usetul tor pertorming comple
amphtude opetations However, i reeent scars comples anlorin-
ton processing pertormed with incoherent or winte-hyeht ilumima-
tion has tecen edancreased attention: Nevertheless, the importance
ol optical intormation processing operations, either coherent or
incoherent, s primandy based on the basic Fourier transtorm proper-

1y otlenses, The apphications of these two optical processing systens ditfraction grating, then the complex fight field for every wavelength i
to photographic images witl be described. Faperimental dlustrations A betind the transform dens 1 is 4
of the results will be provided. i1
Inview of the broad areain optical processing ol photographie o
images and the conties of space, we will discuss i few apphcations E(p.gin) "//‘(-\-," [1+ costpm] '
that we consider of general interest. The field has now matured to the [
point where there are many good textbooks available, and we refer ‘
the general reader to several of these v 1 C\p[ HpN 4 q))]d.\(i) . ) 9
1. INCOHERENT OPTICAL PROCESSING SYSTEMS where the integral is over the spatial domain of the input plane P,
Fhe use of coherent hight enables optical systems to carry out many (p.yg)denotes the angular spatial frequency coordimate system, and C '
sophisticated intormation processing operations.'* However, coher- 1s & complex constant.
ent optical processing systems are plagued with coherent artifact Forsimplicity of analysis, we drop the proportionality constant, .
noie. which frequently hmits the processing capability of the sys- and Fq. (1) becomes 1

tems. Although many optical information processing operations can
be implemented by systemis that use incoherent light ! e there are
other serious problems. On one hand. the incoherent processing
system s capable of reducing the inevitable artitact noise, but on the
other hand 1t generally introduces i de-bias buildup proolem, which

agiin can result i poor noise perlomanee. There are, however, 2

technigues which hane been developed tor coherent operation with r X

hght ot reduced coherence! ' o1 noise averaging. ™ ™ but at the

expense of increased system compleaity. and i
Attempts at reducing the tempotal coherenee teguuenients an the *

light source in the optical intormation processmg tall into two general A

categories: (1) the use of incoherent instead of coherent optical 4 Al "

processing pursued by Fowenthal and Chavel® and Lohmann,*?
among others: and (2) the reduction of coherence while still operat-
g with hincar-in-amplitude systems parsued by Leith and Roth.-!
1 he latter is the one that we believe to beavery promising technigue,
and itas the concept that Y pursaing

Since its imvention the laser has become a usetul tool for many
apphcations in coherent optical information processing. Fhis trend
ot advances was mainly due to the complex amplitude processing
capability. In addition to the noise problem mentioned above, the
cobierent sources are usaally more expeasiy e and the sy stem stabibiny

this section we will deseribe a white-light processing technigyue by
which photographic images can be processed with complex amphi-
tude ilters We note that this whate-hght processor may alleviste the
magor disadvantages imposed on the coherent processing system.
Now wedescribe a photographic unage processing technique that
can be carnied out by awhite-light source 3 S as shownin Fig 1 We
note that the white-light processing system s simdar to that of a
coherent processing system exeept that o white-light source and a
high ditracuon elticieney grating are inserted in the input plane P,
It we place a photographic transparency s(x.v) 1n contact with the

E(p.gih) ~ Stp.q) + S(p -p,-4) t S(p+p,.q) . (2)

where s(p.g) s the Fourier spectram of s(x.3),

(ar, B) 15 the linear spatial coordinate system of (pL.g) and s the focal
length of the achromatic transtorm tens 1L In terms of the spatial
coordinates of o and g Fqg (2) cin be written,

A
Fla i) CSta ) + CoS(a— -;;l",.ﬁ)

o A
b S t :'I_Y p”.ﬂ). 3

s usually ertical
Recently, m looking at optical information processing technigues
from a different view point, a question arose: s it necessary that all Foom the above equation, we see that two first-order signal spectral
. . K . . [
theinformanion processing operations teguine i coherent sousee? We bands (e secondand thitd teems) ace dispersed into canbow colors i
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Fig. 1. A white-light optical processor. |, white-light source. T(x). phase E(p.y:A) Stpp,.9) l Hip, - Py 4)
grating. L. achromatic lens; H{p.ql. complex spatial filters. w1 i
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Fhe corresponding complex hight distribution at the output plane
P, of the processor tor cach A would be

/S(p o) Hep, poeay)

cxp[n(p“.\ + q“))]dp"dq“ . (5)

N
BxyiM =Y

where the tntegration s over the spatial doman. We assame that the
signal spectrum s spatial frequency limited and the bandwidth ot
H(p, .4,) extended to this limit, ie.,

Hip,.q,). oy <a<a, .
Hp,.y4,) = (o
0, otherwise |

whereay = (A1 2m)(p, + Ap).and a, — (Al 2m)(p, - Ap)arcthe
upper and the lower spatial imits of H(p,,.4,,). and 3p s the band-
width of the input signal. The hmiting wavelengths ot the dispersed
spectra at the upper and the lower edges of the filters are 2

A=Ay D
[ np()_-\P
and
NN P, ~p 7
h = “n P‘,*-\P {

and the corresponding wavelength spread over the filters s,
therefore,
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If the spatial trequency p, of the grating is high, then the wavelengthy
spread over the hilters can be approxumated,

LAY
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Since the complex spatial hilterings take place in diserete Fourier
spectral bands of the light source, the iltered signals are muually
imcoherent. herelore the output light intensity distribution is

N
Hix.y) = )_‘ AYWIERTWIE

N
3 oA, byl (1
no

where hix,yi A )is thespatialimpulse response of the tilter FHp, .,,).
and * denotes the convolution operation. From the above equation,
we see that the white-hght processing techmyue s indeced capable o)
processing the signal in complex amphitude. Sinee the output intensity
in the sum of the mutually incoherent natron-band nadiances, the
anneyving coherent artilact none can be suppressed

In addition, the winte-lhight soutce contains atl the visible wive-
leapths ol the clecttomapnctie wave, amd ierctore s particalanly
sthtable tor colornimage processing. We turther note that the white-
hght processor of Fig. | cun also be used lor coherent and partial
coherent hght.

3. PHOTOGRAPHIC IMAGE DEBLURRING

One ot thesnteresting applications of optical information processing
s restoration of blurred photographic images. The debluring that
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we will describe iy aninverse complex spatial filtering process. We
consider the Founier spectrum of a blurred photographic image as
I(p.g) Sipag) Depag (i
where S(p.) isthe Founienspectrum of unblureed smage and D(p.q)
is the Fourier spectium of the blur tunction
Indeblurnng. weapply the blurted photographic image Ly v ) to

daprescribedanverse hitercas shownan b 2 Weletthe mnverse hilter
tunction be

hixy)

e, y) gla,y) s flx,y) = x y):sin,y)

—_— Hip,q!

Fp,q) Glp,q)-Flpat Hip,q): Sipa)

Fig. 2. Block diagram of an image deblurring system. (x.y). spatial
domain. {p.q). spatial frequency domain.

el (12)

Hip.q) = D)

then the output Fourier spectrum is

Gy  Fipog) Hip.q) = Sip.y) (13
which iy essentiatly the Fourier spectrum ot the unblurred image. The
inverse transform is

2(x.y) //l(\'.)')h(\ Xy A ddy o siay) (14)

which is the anblurred mvige s(x,v).

We note that phatographic image deblurnmg by coherent optical
processing techmgue was dlustrated by Tsupuch?’ in 1963 The
inverse spatial hilter was synthesized by the combmation of anamph-
tude and o pure phase filter. This can also be accomplished by a
holographic synthesis technique. The preparation of such a phase
tilter by holograplie techimgue had been studied by Stroke and
Zech, ™ and by T ohmannand Paris. = Nevertheless, the holographic
synthesis technque also sutters one disadvantage, nameh o low
ditfraction ethicieney. Mention must also be made ot the inage
deblurnng withcomputer-pencrated plise ilter obtaimed by Tsopuochi,
Honda and Fukavac® They had shown vanious etects due to amph-
tude, phase, and amphtode-phase Bilteamgs. Another anterestung
result obtiuned by Horner ' ¥ should also be mentioned  He has
showa that optimum image deblurning may be obtained with least
mean-syuare-crion hiltering,

We will brietly describe the synthesis of a phase filter that, when
combined with anamplitude filter, can be used tor image deblurring.
Lot example, let the amphitade tiansmttance ol a linea smeared
Pt unage be

tHv)
0, otherwise | (15)

where Ay s the smcan fength 1 the bluried image s inserted in the
input plane P’y ot a coherent aptical * 1ocessor of Fig. | the complex
light Bield on the spatial hiegueney »Lane would be
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sy Ay 2}

g = Ay — Ie
Q) ’ a2 (16)

the familiar sine tuncuon. In prnaple. the blurred nnage may be
debluried by mverse biltening. To dosowe let the Biter beacombina-
ton of an amphtude and a phase ilter. as showoan fag 3 The tilter

3a) Alg)
|
Tm
a, 9, 49,9 Jo 4 4, 4, a — 9
4 %% 1 % 9% 9
- A4 -
3m) b
L1 .
"Q Gy "9; -9, | G G, Gy G4
F——_. ——— Aq ———m—e . e em e m——

Fig. 3. Inverse spatial filter for deblurring a linearly smeared image. (a)
Amplitude filter function. and (b) phase filter function

transfer funcuion is
Hiy A epliep | (17

We et 1 bethe minmnm transniitasee ot the amphitude tilie

and the relative degree of cestoration™ s defined as

1 F(pH
) = e B L T 1.1 I8
i ] YO ' o

where g s the spatial bandwidth of the bilter. We note that pertect
restorition is unattimable siee gaequires that 1 approaches zero
There s absoanather shorteomimg tovJower T cwould resultm g
tower signal-to-nose tatio: By takang the account ol Blm pram nose,
wannninun valie ob Towatha farely pood sipnal To nose taties iy

., be attained.
We tow ivsume that the phase hlier s hologaphie e tha s,

)
Ty - ) ‘I Ocu\[d;(q) t )nql . (19
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where y,, is an arbitrary constant. Fhen the filtered Fourer spectium s
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Ty clear that the lirst term s the spectrum due to the amphitude tilter
alone, which will be diftracted on the optical anas at the output plane
Pyool b L Phe second and third terms are the restored Founer
spectia, in which the restored images will be respectively dittracted
aroundy -y andy - oy atthe output plane Py

Ananteresting alternative approach related to holographic syn-
thesis of the tilter has recently been reported by Vasu and Rogers ¥

We now brieth describe a white-hght-processing techmgue tor
smeared-image deblurnng. We place o smicared-image transparency
incontact withasinusoidal phase grating at the input plane P ol the
white-light processor ot Fig [ The mathematics of this have already
heen desenibed i See 2 For siamplicity. we assume that the mput
transparency is spatial frequency limited and that the smeanng isin
the y direction of the input spatial plane. We further assume that a
narrow-band deblurning filter, for a4 given wavelength A as
described cather, s provided.

It we msert the deblurring filter of H(B) over a narrow speciral
band ol the smeared-signal spectra ¢[a - (A Zn')p‘,.[i];n A=A
then the comples hight field at the output plane Py for a gnen
waretength A over the deblurning nhilter, can be evatuated by the
tollowing inteyral equation

s (18]
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where Cosacomples constant and H) s the deblurning filter. The
cotresponding oniput-heht antensity distiibution can be approai-
mated by

vy / lgen s ANTdA

AA
R AAH(N ) explipgy) = h(_\')l: . (2

where AN A (43p p,) iy the narrow spectrial band ot light over
the deblurnmg tlier, h(s b s the spatial imnulse tesponse of H(B). s
denotes the convolution operation, and K s a proportionalis con-
stant. From the above equation, we see that the filtered mage is
dittacted around the optical anas at the output mage plane ¥,

As an evpetimentad dlustration, P dga), shows the hineae-

PTCS

4(a)

JPTICS OPTICS

au) afc)

Fig. 4 Linearly smeared image deblurring. (a} Smeared object. (b) de-
blurred with white light technique, and (c) deblurred with coherent hight
(Zbuang, Chao, Yu, 1981%).
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5(b)

Fig 5 Smeared image deblurring in color (s) Blurted image and {b) de
blurred with white light technique (Yu, Zhuang, and Chao. to be
published’®)

stuedred photographic atape ol a word optecs as o blutied object
Figure by shows the deblurred imape obtamed with the whete-hght-
provessing techngue, and Dig 30) shows the tesalt obtinned with
the coherent-processing techmgue. Faphat detaids are given m Red
35 Fromthese tesutts, wesee that the artifadt aoise was sthstantuly
reduced with the white-hight-processing techigue The deblued
imape obtanced with the coherent techague appeats to be sharper
than the one obtained with the white-tipht techmgue because ot the
high spatiat coherence of the bght somrce However, the diawback
can be overcome it one uses a simatler whiteshght source (ie o
pihole) und o broad-spectral-band deblurning blier o cover the
entire sowated signad spectiam Design of sach o booad band L
shaped hilter s under s estagation

Stnee the white-light source contains all visible wavelengths of the
spectim, the winte-hight process is sintabte tor cotor image deblue -
nng ' etus place i smeared color photograplie miage at the wput
plane £ of the white-hght processor ot Fag 1 At the spatiad teequen-
¢y plane Py, twao sets of Fournier spectia are smeared mrambow
colors, In color image deblurning, we place three pritars color (re.,
red. green, and blue) nurrow-spectral-band deblurring hiters i the
appropriite focations i the spatiad frequenes plane Since the de
blutred inages Brom cach of the pronany color Tiltees are mutualhy
mvoherent, the output image irradiance wiil he

fixy) - .\A[Ig(x.,\;)\,)l" t lg(\.)‘:)\gll"
ey’ ] (2%
where QA s the narrow spectral band of the deblurning hiter,
gy A s thedeblurred inage, and Ay AL" and Apirethe 1ed. green,

and blue primary color waseiengths,
For an expenimental flustation, a hincar-smeared color photo-
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Fig. 6. Image subtraction with encoded extended incoherent source.
MS. multtiple slit; P2, input plane; P3. filter plane, P4, output plane, L1,
L2, L3, convergent achromatic lenses of focal length F (Wu, Yu. to be
published**)

(b} (cl

Fig. 7 Image subtraction. {a) Input objects. (b} output with incoherent
technique. and {c¢) output with coherent techmque {(Wu. Yu. to be
published *%)

graphic image ol aword “opties™ isshownn g Seo The deblurred
colorinuge obtamed with the white-hight techmigue s shown in Fig.
S(h). Stoiethy speaking, o tan-shaped deblurning tilter over the entire
sieared color Foaner spectra should be used Such i blten s under
niveshigation

4. PHOTOGRAPHIC IMAGE SURTRACTION

Another mterestmg application ol opnical photographc unage pro-
cossing iy image subtiachon Image subtiaction may be of value
many applications such as urthan development, highway planning,
carth resoutces studies, remote sensing. meteorology automatic sur-
vetllance, wspection. ete. Opuical image subtraction may also be
apphied to commumcations As a means of bandwadth compression,
tor example, itwould be necessiny to transint only the dillerences
between utages i suceessive eyekes, tather than the entue anage 1n
cich evele

Optical-tnape synthess by compley amphitude subtiaction was
describoed by Gaboreta! U The techmgue ms olves suceessine record-
ngs ol two or more complen ddteaction patteras on a holographic
plate and the subsequent reproduction ot the composite hologram
images A dew sedars bater, Bramidey ctal ™ “descrihed @ holographie
Founcer sabtraction techimgue, tor which a real-time iage and a
previousl recorded holagrum image can be subtiacted  Although
pood amage subtraction by therr experiments was reported, i
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ey ene '. M N ¢ ‘,"“ cised Founer specita vanies with Fig. 9 Pseudocolor encoding with halftone screen (a) Obtained with
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addinon, the coherence tegauement Torimasge subtiaction is anly for h
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where d s the spacing of the shits s s the shitwadth and N s the total
number of shts over the eatended source The degree o spatial
coherence tor cach par ol points separated by aodistanee 20 s

theretore

2

St -
\I

kiZh ) {25

From the above equation, if

a high degree ol pomnt-pan coherence can beachioved bnvomparson
with a4 smgle shit case, the intensity ot the output amage can be
mcreased N told In other words, the source cocoding provides an
ethicient utibzation ot the heht source

In our experimental demonstration, a multishit mash witha 25 g
spaciag and 2 5 umowidth was adopted tor the source encodimg Lhe
Hight source was a mercury are lamp with a green tilter bagare 7w
shows two image transpatencies as input abjedcts Frgure 7ihy shows
the subtracted mage obtained wath the incoherent technigue In
companson, we abso provide the subtracted image obtained wath the
coherent technigue as shownan Fig Tear From the tesalts, we see
thut the one obtained with the incoherent technngue otters hetter
mrage quahity and fess attitadt noise

Finathv o we swould stress that the source encoding may be evtend-
ed to white hight processioe technmgue and o program s cupienthy
under way toansestigate this

5. NONLINEAR PROCESSING OF PHOTOGRAPHIC
IMACGES

Sotarimprevious sections we have discus cd hinear spatab s annnt
aperations  There are, however, technegunes available tor nonhneass
processing operations 4 One such appooach o oan optical homo-
motphic Bltcomg svstem which s been e succe stathe appled
using dnital techogues = Recenthy, Katoand Goodinan s propuased
nonhinear provessing of photographic images swaith a cotorent oplical
system using halltone sereen processes The extension of Kato and
Goodman’s ludttone sareen techigue to nomonotons aind mono

tonic nonhnear muge prodessing was subsequentiv pursaed by Saw-
chuk and Dashuell Y Stand " as shownan bap s and g Goaod
man. and Chan “- Application of the halttone sarecn techimgues tor
pseudocolor encoding of inonotone imaeges with cohicrent optical
processing was aboacported by Dand Gooduan s and wath an
mvoherent source by Lanc Yoo and Chen “as shownn by 9
We note one magor himtation with the halttore sareonmng rech-
nigue; the spatial resoivtion of the photographic mage v lnnted by
the hatttone screen iselt whichos gencraliy severad ordas ol nyen-
tide Tower than the photopraploc fidm Honseht be possible 1o
produce o halttone preture with resolution up to 1061t using a
computer-dinven wniter but the process wounkd be comples and
costly
1 he nonlimear processing technigque canabso be acliesed wath a
Fabis-Perat mterterometoe method as reported by Batholomew
and 1 ee® and with the unihzation of Thin nonhincarny eponted by
Tar, Cheng, and Yu ™ Mcennon must be made that scal-tine non-
Chipear processing ol photographic nnages with hgquid vesstabvalves s
cureenthy bemp porsaed by Atichaclson amd Sawchok
Softer et af >
16 ey possable 1o ase the mherent Do nonhineanty to perfonm
- loganthuac and exponential tanstornutions Usig the basic 15D
curves of vanious hlms carctully choosing the appropiate Y and
usingiswostepcontactpromntng, Yaachieved adopanthnne ansplitade
transmittance lor ananput exposure tange of SO The v ernse tns-
tormation of the Biltered Toganthmie sienal canalso be peddonmied
using a two-step approach  The detals and speaitsc tilms used can be
found in Ret 59,
Finally, we note that thee s anmteresiing teehngue of photo-
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graphirc dy namic ranige commpression proposed by Mucicr and € gul-
tield -
tecard mtormatiear of foph dvnamie ranpe that we asaaliy doonot
tevognize Thov uwad o wrbece rehiet tec hnsgue that pas Bttle ettedron
the d o and Tow spatial trequenoy contents o the photographag

Fhoy e shown that ardinaas phatographic cmulsions can

wnape  The rchel pattern s more hike o spatiad pradiont of the
recorded donaty pattarn sach that the ot e Bas the veoancstehet
\obggehithe
ity
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Usilg o Do aheoiere B pracessie T S hagac the, ahle to
show awade dy e ranee ot the phatogiaphbag mage o depated
b 1 T techngue wasapplicd bonioonng thedsccomponent
i the bouner phane ol the retrorethoc s b o thie rede! ~urtace

ol the photaprapta bl

6. SPACE-VARIANT PROCESSING OF PHOTOGRAPHIC
IMAGES

In the previous sections we have discassed on!y the spaceainvanant
processing operatiot of photographic images Inother words, cach
Miage point ta be processed s altected by the same process g
operation  Although the spadesvatiant processing cancept has been
shownand saccesstully applicd mosasstem theory and digital process-
ing technogues

theapplication ot ths conceptto aptical processing

From). 1. -, S
PIAVR -;ﬁdm-ﬁ'k, " R e ) C SO
Fig. 10. Dynamic range expansion. (a) Overexposed photograph and (b}

bright field ratniaval from the rohief image of the ongmat negative (Muaslier
and Caultiold, 1940
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s orelatively recent In 1965, Cutrona®s proposed o general optical
space-vatiant  processing concept,  anglogous o the bourner-
transtorm techmgue, i terms of system eigentunctions The tech-
myque s, however, ob only theoretical interest, since it s not bnown
how to hind the set ot cigentunctions Attempts had been made by
Hemnzo Artman, and Lee i optical space-vaniant processig, using
matoy multiphcation Some calculated results were reported inthen
paper Ina recent article, Deen, Walkup, and Hagler® reported a
Muce-vanant opceration usng yvolume holograms Hhe most graphie
example ofspace-vaant processing s the geometne transtormation
by Bryngdahl " who used o computer-generated hologram tor the
operation Mention must also be made of Sawchuk’s work * asing
the computer techmique of space-variant image restoration by coor-
dinate transtormation

We will now desenibe g basic concept to achieve optical space-
vanant processing similar to that ot homomophic processing ihus-
trated in the previous sechion A general space-vanant system may be
desenibed by g block diagram, as shown m Fig gy The nput-

te s wpace - e
—— - gariant R

e e

SR

YT

Fig. 11. Block diagram of space-variant processor, showing nomenclature

output relation may be described

glxy) - //hd\._\‘;x"\') ' dvdy (29N

where h(x vid's s the space-vanant impulse response. Needless to
sy bhvy oy s deseribed as g tanction of the coordmate ditter-
ence. e, By x oy v) then the sastem s space-tnvarant bor
example. o techmgue ot optical space-vanant processimg mas be
accomplished by the block diagram ot Fig 11gb) In other words,
whenever o space-varint process can be deconiposed as i g
FI(b), st may be performed by the necessasy geometric transtorma-
tions. The geometne transform signal can be processed by i space-
imanant processotiand then the required inversed geomictncal trans-
tormation pertormed

I more rccent artide, Casasent and Psaltis®” s e shown that
geometnie transtormattons can abso beaccomphshed by means ot a
nonhinear beam scamung device which wootes the data onto an oph-
cal ight valve Although this method sacrtices the parallel process-
ing capability, 1t can process i near real-time. Although interest in
space-varant processing of photographic images tarrly recent,
view of this nterest, further progress can be expected in (uture
rescarch.

7. ARCINVALSTORAGEAND COLOR ENHANCEMENY

Archinval storaee ot color bihims has long been an utesohved problem
for Ll ndustoes The major reason s that the arpanie dyes usedan
the color hilms e usaally unstable under protonged storage, and this
canses a gradual color fadimg Although there ace several avadable
techmgues tor preserving the color images, all of them possess cer
tatn dehnite deawbacks. With one of the most conmonly used tech-
thigues, that obrepetitnve apphcation ol pranary colon filters, one can
proserve the color images in three separate rolls of bluck and white
fm o reproduce the color mmage. a svstem with three primany

colot projectons must be used  These films should be projected in
perfect unson so that the pumary color unages will be precisely
recarded ona tresh coll of color fdm However. this techmyue has
two nuor disadvantages (1) the storage volume tor cach film s
trpled and (2 the reproduction system s rather elaborate and
CApensive

Inthis section we will desceribe a whinte-tight processing techmgue
tor archival storage of color tilms. This techmigue may be the most
citicient techmgue exishimg to date This technique also allows direct
viewing capabihty and muy be suitable tor hbrary apphications

Fhe use of monochrome transpatencies to retnieve color images
wias histeepoited by Ives in 1906, He introduced a shde viewer that
produced color mmages by a dittracuion phenomenon Gratings of
cither dilterent spatial frequencies or aaimuthal onentation were
used. More recently, Muellert described a similar techmique employ-
g tneolor gnd sereen for image encodimg. In decoding. he used
three quasi-monochromatic sources tor color image retiieval Smce
then, similar work on cofor image retnieval has been reported by
Macovshe ™ Grousson and Kimany " and Ya ™

We desertbe the echmgque™ 2 tor spatially encoding the color
int rimation o g single color image onto a single black und white
(BW) trame s s done by putting a color filter. a Ronchi grating,
the cotor trame. and the uneaposed BW film together. and exposing.
Atnple exposure s made onto the BW tim, changing the color filter
(red. green. and bluey and the angular posiion of the Ronchi grating
cach time

For example. the first exposure is made through a red filter with
the gratmg at 0 1he second exposuie s made through a blue filter
with the pratmg onented by 607, and the fast exposure takes place
througha green tilter with the grating at 120¢ [ the three recordings
are properhy recorded on the photographic film, then we have a
multiplesed. spatially encoded. black and white transparency.

It we place the spatially encoded transparency at the input plane
Pyoot g white-lipht processor shown m Figo 1, but without the
diffracnion graung ¢y, the ditterent orders of the image spectra are
Iinearhy dispersed mrambaow colors with respect to the XL &< and «”,
anes Ithe spatial trequencey of the grating p s assumed sutficiently
tigh, then the orders of the smeared color image are physically
sepatated

Fo retneve the colorimage, we allow three, first-order, smeared
spectia to pass respectively through ared, a blue and a green color
fdter, as shown i Fig 120 Then three mutually incoherent primary
colorimages witl be superimpo.ed at output plane. Fhus, we see that
A multicolor mnage iy reproduced by the white-hight processing
technigue

Figure 13a) shows a retrieved color image obtained with this
techmque. In this experiment, we used onhy red and green color

first order
colur smeared

vy a
spectrum ’ red filter
; ! T
+ . /a
| ., ) /
| . ! .
stop ' \;Ll ' i S
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Fig. 12. Color image retrieval spatial filter (Yu, 198072
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Fig. 13. Color unage recorded by multiplex technique on BW film  (8)
Original image and {b) retrieved image (Yu, 1980'¢}

filters tor the spatial cncodmgs. For comparnison, we provide the
onginal color preture as show i by Db We see that the colen
reproduction by thisarchinal stotage techtgue isimpressivels Lath
tul and the resolution s good.

An extension of the above white-heht techmgue can be used to
restore or enhance the colorsn faded color tidms 7 U sing a standard
coherent aptical processer . Horner demonstrated asinilian solotion
tor the Apello color tilms degraded by radation i outer space

8. PSEUDOCOLOR ENCODING OF PHOTOGRAPHIC
IMAGES

Maost ol the optical images obtuned invanous saientime applivations
are densits-modulatad black and wiute inages. Human observers,
however, can percenve vanations m celars better than gray Jevels
L hus acolor encoded image canolten provide better visual disenimima-
tion Paeadocator encading by conputer techngue bues been wideh
used i apphications where the iages are nnally digitized Wlade
the computer techimgue s the logical choree tor digatal inages,
ophal processing teadangues iy be more advanyags o Jor apph
catons where the mntial imapes aie analoy photopraplie inages such
as acsil ot vtay photopraphs

Histoncally the use ot preudocolor encoded Bilters i an anagang
system wits histintroduced by Rhemberg i 1596 e seported the
apphication ot colar hilermg i nmcioscopy He showed that by
simple color spatial Rteong he was able to entinee soall detands
Burch Mapphed colorspatial trdtees tor enhancement ot anentation-
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Fig 14 Pseudoculor encoded x-ray image {Chao, Zhuang. Yu, 1980%).

dependentand high spatal trequency detals Tna more recent arti-
des Bescos and Strand proposed acolor encoding techimque using
an extended polvehronugt.e hight source  {he proposed techmigue
chcedes the magpre by spatial requenes tather than by dansity: Yuet
o) haventroduced an alterative approdach usmg the one-step nan-
bow holographic encodmp techmgue, “where the encoding was also
donean spatial tregquency. The encoded holographic image can be
reproduced by simple white-hight ilumimation Indebetouw ™ intro-
duced awhite-hght processmy techngue encoding the miage densaty,
mwhich the pseadocolon unages wers obtamed throngh color tilrer-
gz at the spatial treguenaey plane, Do aod Goodoan® described a
technigire useng a spevialby Tabncated halltone screen to obtain den-
sity prewdocolor mages with coherent aptical processing Ta Yu,
and Chen Cadopied then balttone techinge to penceate paeado-
colot density tnapes waith a whate-light soucee However, watly the
Halttone sareenca nnmber of diserete hnes due to mage samphing ae
genetally present m the color-coded umage Phas, small detals and
fow conteanst teatures of the nnage can be lostan the balltone tech-
nigue A new densaty s pseudocaloting techimgue through contrast
reversal was reported recenthy by Santamana, Geas and Besgos ™
Although ths techmgue offers several advantages over previous
techmgues, the optici systenyis quite clabotate, and threguires both
ncehorent ad coherent somees fue the paendocatonng Because o
not by
moided Reventhv, Yu described aosinple whine iphte procesang
techgue by wiuch psendocolor density encoding through contrast
reversal can be casihy obtained ™ He showed that the white-hght
processing techmgue otfers no apparent resolution loss: and the
systemt s ey sunples versatile, and coononical o operate The
whnte lght processimg systentalbso provides aduect-viewmg capatnbny

cohicrent sotree s used, the coherent artifact nose man
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that s essential tor practical appheations Howeser, the techmigue
still sutters one major drawback it s not areal-time pseudocolor-
encoding techmgue. In g more recent article Yu deseribed a tech-
nique of real-time w hite-light pseadocolor encodimg in density and m
spaital trequency ™

We will now desenibe a techmigue of contrast revensat encodimg tor
grav level photographic images We assume that negative and positive
image transparencies of the same object are avinltable and we let the
encodings take place on g tresh photographic hilm by sequential
recording ot the pegative and the positive image transparencies with
Ronchr grating in two angular posittions For example, the tirst re-
cording 1s exposed with the negative transparency at 0-, and the
second recording 1s made with the positive transparency at a 90

If we place the spatially encoded transparencs at the input plane
P, of a white-hght processorin big L but without the dittraction
grating, the smeared Fourier spectra are dispersed into the 1y pical
rainbow coloes in the Fourner plane, P

In pseudocolor encoding. we hilter Mo hint-order smeared spec-
tra through green and red color Bilters, respectively and the image
irradiance at the output plane P, will be

1(x.y) = I“é(x‘,\) + IP;(.\._\l . (b

where |, and 1, are the green color negative and red color posine
image irradiances. The autput image s the superposition ot a green
negative image with a red positne image. Thus o broad range ot
pseudocolor density images can be obtined by the white-hight pro-
cessing technigue. The selection ot color tilters w arbitrary, thatas,
for different color hiters one would obtam ditterent shades ot
pseudocolor-coded muages.

In expenimental demonstration we show a pseudocolor-encoded
x-ray picture, asn Fig. [4. Wesee that a broad range of pseudocolors
can be obtiined by this techmigue, and the color coded image appears
tree trom coherent artitact nose We waonld also note that, i pseudo-
colorning, multicolor hiters can be implemented in the Fourer spec-
tral bands. For example. to abtam a dilferent shade of pseudo-
color, one may insert a blue filter (in blue regron) with a green filter (in
green region) in the same order specttal bund. Thusa broad range ol
color combinatons can be obtned by this pscudocoloning
technigue.

9. CONCLUDING REMARKS

We have reviewed the basic primaples of coherent and incoherent
optical processing technigues. We have showa that both the coherent
and incoherent optical processing operations are able to be analy zed
with linear system theory. Although coherent optical processing
techniyues have been used historically for most of the optical infor-
mation processing operations, the coherent processing system s
plagucd with artifuct nosse which frequently linits s processing
capability. In thes paper, we have shown that there ae several pro-
cessing techmigues which can be operated with incoherent o1 white-
hght source Since white-hight contions all the vistble wavelenpths it
1s particulily suitable lor color photograpin. amage processing. iy
addition.the white-hight source s generally feas expensive and the
system stability s not as critical as with a coherent processor.

We have desenibed brietly the basic concepts ot image deblurning,
IMage subtraction, BONHNCAT Processing, space-vil lnt processing,
color image retrieval and enhancement, and pscudocaolor encoding
ot photographic images with coberent or wate hpht thimination,
We stress that the optical processing operation, aither coherent ot
incoherent, s primanly based on the Foutier transtorm properties ot
lenses. We note tat optical processang geoncradly operates i fixed
parameter mode, and Licks the Hearbility of a digtal compute
Nevertheless, there sthill are processimp operations adew of which we
have lustrated, which can be acliesed with anafop optical tech
nigues, particularly with photographic images. Since spatial resoln
non 1y very important i photographsc unagery, the new trends 1
white-hght processing can be expected to open new donxuns i colo;
photographic processing

In spite ot the teabihiny of digital image processing. npticad
methods otter the advantages of greater capacity, simphicity, and
lower cont Instead of contronting cach other, we can expect a
graduad merging of the optical and digital technrgques. The continued
developent of optical-digital intertaces and mput devices will lead
to g tnmtiad et of hyvbrod optical-digital processing techmgues,
utilizing the strengths of both processimg operations
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SECTION IV

Image Subtraction with Incoherent Source
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Source encoding for image subtraction

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

Deprtoent of Electocal Eoginecng, Dhe Pentsy Wara State U invetans U iace eats Parhe Pennsy boaien b

Recemwed Narch 22 s

A technique of source encoding of an extended ncoherent source for itage sabtractivan s presented. The souree
encoding constraints are obtained from the coberence requirement tor the subitraction aperation, Source encoding
increases the available light power tor the processmg operation. as a smabl incoherent source is no longer required
Anexperimental result obtained with the encoded incoherent source tecgue s given A sioular result obtamed

by using a coherent techmqgue s included 1or comparison.

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 years later, Bromley ¢t al.?
described a holographic Fourier subtraction technique
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-
ments it appears that the illumination for the hologram
image reconstruction must be arranged caretully. In
a more recent paper, Lee et al.? proposed a method
whereby image subtraction and addition can also be
achieved by a diffraction-grating technique.  "This
technique involves the insertion of a diffraction grating
in the spatial-frequency domain of the coherent optical
processor.

However, most of the image subtraction techniques*
require a coherent source.  Such sources introduce co-
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, a small incoherent
source is difficult to obtain in practice. Nevertheless,
this difficulty can be removed with the source-encoding
technique that is discussed in this Letter.

Optical image subtraction with the diffraction-grating
technique developed by Lee ef al s basically a one-
dimensional processing operation. Instead of using
point source of light, one can use a line source perpen-
dicular 1o the separation of the twa inpot object frang
parencies,  Since the image subtraction operates upon
the corresponding image poitts te be subtracted, a
strictly broad spatial-cobherence requirement is not
needed. Thus it is possible to encode an extended
source in order to obtain a reduced point-pair spatial
coherence for the image subtraction operation,

In evaluating the spatial -coberence requirement for
subtraction, we apply partinlly coherent ineging: theory?
ul the spadinl reguency plime PPy of in opical processor,
ms showncin Fige 1 Phe matual eoherence fanetion iy

palxa, ) = 41 falss, X0 (o)
X (DR ot x R, vdxady 'y, (1)

where the integration is over the inpu’ plane . x . and
Xare the spatial-coordinate systens of PPLoand 12,
poAx oo v s the complex eoherence function at the
input plance £2,, f(x 21 is the input ob-eet function at 22,
and can be expressed as fix) = O o=y + 0 ax, +
Ry, Ohix 0 and O)tx ) are the two input object trans-
parencies, and

. (.‘ .\'g.\';i)
Kiaxo v =explizer 2}
N
is the transmittance function between planes P, and P,
A is the wavelength of the light source, and f is the focal
length of the transtorm lens L.,
Thus the matual coherence function immediately
after the diffraction grating G, with a spatial period d
= (Af1/hy. can be shown to be

Halxg, x50 = lexp i"n!L“\* — exp —i"7r-h‘—'\'-
At oy 2 < I\/; X} 4 ,\f‘

b Lt
exp (—l‘lrr \';' .r',() - exp( 27 ,\’;’ .\";‘) alxg ), 0

where we ignored the de term of the diffraction grating
and G o= 17201 b cos[2alho/A)x) s a cosine grating.
We note that for complex image addition of sine grating
should be used. The image intensity at the output
plane P, is

* L Xg— X
lx)) = ‘f/‘:(“’:s. xyexp (’277 ! \f Yy 1) daady’y,

(1)
where the integration is over the spatial Frequency plane
and xgis the output spatial coordinate system.

Let us substitute Vs, (2) and 03) into By, (1) and
integrate over the spatial-frequency plane. Considering
only the image terms around the origin of the output
plane Iy, we have

In(‘ A |) - l/l,-".zh\ﬂll‘h(\"” - (,.’(4\ "l ’
o Becthad et o) [Or.cop])
(h)
From Bt we see that the first fery is propottional

to the intensity of the subtracted image and the second
term is proportional to the sum of the image irradiances,

Reprinted from Opties Letters, Vol 65, page 452, September, 1981
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where | ut2hy)| is the degree of spatial coherence. 1f the
degree of coherence |u(2hy)) is high, ie., it u(2hy) ~ 1,
then Eq. (5) reduces to

’n('_xd o~ '()l(x.|’ -- ()2(1'4”2. Iu'_:(i_’hu)l ~ ]. “;)

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 Jpalx,
= x'O} =~ for {xu — x’s] = 2h, is needed for the sub-
tracti::n operation.

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

Stxy) = )Z rect ({'&«"—q) ’ (7
n=1 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 (;. At the input plane Py, the

spatial coherence function can be shown,’

palxg — x"2) =

. Xa = x'y
N sin (rr )

. 8 ,
X sine [7!‘ dhy (xo-x g)l v (8)
where d = Af/h. 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’y). 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 every x = xy — x’s
= n M/, which yields a spatial-coherence discrimina-
tion of 2(\f/d) over the input plane P.. Thus the
multislit source encoding not only provides the point-
pair colerence 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 inherent difficulty
of acquiring a small incoherent source can be re-
moved.

In our experiment 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

X, X, X3 X4
MS L O L Ly _
s ";: - z'k has ’/‘/V/
S ™
02 G
- ! 1l F21 Ll & ot -
y F ks Pa

FFig. 1. Do subiteaction with encoded extendod incoherent
source, S, mereary-are g, MS, avadtisbit sk Oy and O,
object transparencies; G, diffrsetion grating, b, transform
lens.
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Fig. 2. Image subtraction. (a), (b} Input object transpar-
encies, (¢) subtracted image obtained with incoherent tech-
nigue, (d) subtracted image obtained with coherent tech-
ficue.

stit 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 ohject transparencies of
size 6 mm X 8 mm was inserted immediately behind the
collimator, A sinusoidal phase grating with a period of
25 um was used in the spatial-frequency plane P4. 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 concept of source
encoding may be extended to other information pro-
cessing operations.  We also note that image subtrac-
tion with the encoded extended incoherent-source
technique is generally simple, versatile, and economical
to operate. It may offer a wide range of practical ap-
plications. In addition, the technique is also capable
of operating in a real-time mode.

The authors wish to acknowledge the assistance of H.
Shoemaker and 1L R Monkowski and his students of the
Solid State Laboratory, The Pennsylvania State Uni-
versity in the preparation of the encoding masks. We
also wish 1o thank S, L. Zbhuang for his valuable com-
ments and suggestions, This work has been supported
by U.S. Air Foree Office of Scientific Research under
prant no, AIFSOR R 0HIR,
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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-
cading is obtained from the coherence requirement for image subtraction operation.  Since the coherence
requirement is i point -pair concept for image subtraction the encoding can take place by spatial sampling
an extended incoherent source with narrow slit apertures. The basic advantage of the source encoding is
to increase the availuble light power for the processing operation, so that the inherent difficulty of ubtaining
a very small incoherent source can be alleviated.  Experimental results obtamed with this encoded incoher-
ent source are given.  Comparisons with the results obtained by processing technique are also provided.

I.  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, ete.  Optica) image sub-
traction may also apply to electrical and video com-
munications as a means of bandwidth compression.
For example, it is only necessary to transmit the dif-
ferences between the code words or images in successive
cycles rather than the whole code word or the entire
image in each cycle (e.g., TV).

In 1965, optical image synthesis by complex ampli-
tude subtraction was first described by Gabor et al.!
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 years later, Bromley et al.2
described a holographic Fourier subtraction technique,
for which a real-time image and a previously recorded
hologram image can be subtracted. Although good
image subtraction by their experiments had been re-
ported, it appears that the illumination for the hologram
image reconstruction must be arranged carefully. In
1970, Lee et al.” proposed a technigue se that image
subtraction and addition can also be achieved by a dif-
fraction grating technique. This technigue involves
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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
a 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.5 However, most of the optical information
processing techniques require a coherent source to carry
out the subtraction operation. But coherent optical
processing systems are plagued with coherent artifact
noise, which frequently limits their processing capa-
bilities.

We have in previous paperst7 proposed a technique
of optical processing with an incoherent source for
complex signal detection and image deblurring.3 We
have also extended the technique for possible applica-
tion to image subtraction.!™!  However, to obtain a
spatial coherence requirement for subtraction operation
a very small source size is needed, but a small incoherent
source is difficult to obtain in practice. Nevertheless,
this difficulty may be alleviated with a source encoding
(i.e., spatial sampling) technique, so that the extended
incoherent source can be used. We have briefly dis-
cussed in a recent communication that image subtrac-
tion can indeed obtain with an encoded extended
source.'? The hasic objective of source encoding is to
utilize the light power more effectively so that image
subtraction can be carried out with an extended ineo-
herent source. Moreover, with the use of an incoherent
source, coherent artifact noise can be avoided. We

stress that this image subitraction system is capable of

operating in the real-time mode, and it is generally
simple, versatile, and economienl,
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Fig. 1. Young's experiments with an extended source.

Basically, the optical image subtraction is a 1-I)
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 to obtain a point -pair coherence re-
quirement for image subtraction operation,

.  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 8, situated in plane P, to Fig.
1. 'T'o 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 8 is required. It can be shown that, to maintain
a high degree of coherence, the slit size can be approx-
imated by!3.14

S = M@2h| R, (m

where R is the distance between planes P; and P..

We now consider two narrow slits of light sources S
and Sy, as shown in Fig. 1. If the separation d’between
the two sources S| and S, satisfies the relation

Fi=ry={ri~rg +mA, (2)

where the r's are the distances from sources S| and S..

to the open apertures (Q and Qo as shown in the figure,
m is an arbitrary integer, and X is the wavelength of the
light wource, the interference fringes due to ench slit
source are in-phased, und a brighter fringe pattern can
be observed at plane I’s. With the application of Eq.
(2), we can employ many narrow slit sources since we
wish to obtain a coherent fringe pattern at the output
plane Py, We note that the separations between any
of the two slit sources should satisfy the fringe (i.e.,
spatial coherence) condition of Eq. (2). If the separa-
fion ¢ between plunes £ nod Py icdaege, o, B d md
R > 2hy, the coherent condition of Fq. (2) becomes

= m MG (R}

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. “T'hus
on one hand the source encoding preserves the coher-
ence requirement, and on the ather hand it increases the
overall intensity of llumination. Therefore, with ap-
propriate source encoding. an extended source may be
efficiently utilized.

iil. Spatial Coherence Requirement

We will now adopt the conecept 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 1-1) notation for our analysis.

In evaluating the spatial coherence requirement, we
use partially coherent imaging theory.'*!* The mutual
coherence function at the spatial frequency plane P,
is

alxx ) = f’ o (o X ) i Kotxg,xg)

X K% o hdxady, )

where the integration is over the input plane P.; xu, xo,
xa, and xj3 are the position coordinates of P, and 24,
respectively, wo(x 2,12 is the complex coherence tunction
at the input plane Po; f(x ) is the input function at P,
which can be expressed as

fixa) = Oxa = hy) + Outxa + hy), (5)

where O(x2) and ()(x,) are the two input object
transparencies and

Kaotxax )—exp(:"wiﬂ) (%)
22Xy Y:

is the transmittance function between planes I, and P,
A is the wavelength of the light source, and f is the focal
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length of the transtorm lens L.

Fquation (4) can also

be written

Al Xax ) = J ‘ pelxad O = had + (atxs + o)

X {0 s = had + 0% W, + byl
VX = 2 A
X mp(t‘lx ok BE, L‘-)ll.l:(l.l - ()
N
where superseript * denotes the complex conjugate.
It is ¢lear that the mutual coherence function im-
mediately behind the diffraction granting (7, with a
spacing period d = (NfY/hy, is

MHlX ) = ( 2 "'—h‘ X ) - ex )(‘I"”I’ '_10 )l
o explrow = X
g ! \[ ' ' .\f !

x

( . hy ) (A_ h\b )
PXPL LS X T eXpPil s Xy Al ), (8)
(3.3} 4 \/ K} ] n \f X HalX 4,X 4

where we ignore the de term of the diftraction grating.
The image intensity at the output plane Py is

o O
Ny = JJ palx,x 4} exp(iﬁn okl v 2 .1'4]d.lpgdx;;, 9)

where the integration is over the spatial frequency

plane, and x4 is the output spatial coordinate system.
By substituting Egs. (7) and (8) inte Eq. (9) and in-

tegrating over the spatial frequency plane, we have

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-
seribed in a previous section.  Now we insert a mask
transparency for the source encoding at the front focal
plane P, of the coltimator Ly as shown in Fig. 2.0 The
spatial coherent function glxz,x b over the input plane
P ocan be written

pi o= PSR xR de, 14

where Stx ) is the intensity transmittance function of

the mask, and K j(x,x2) is the transmittance function
hetween planes ) and .. We assume that the mask
is located within an isoplanatic patch, and K (x,x2) can
be written!?

3 b
I\'.(.\..‘x-_.)=¢-xpi[21rxl—x_'+¢(.l"_»—x,—)] . (15)
A /

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)% max
< X, the transmittance function of Eq. (15) can reduce
to

lixy = ﬂ ptxax ) Oes = ho) + Oatxs + ho[|OTxs = ko) + O3tx2 + ho)

S[0xs + xyg + hdixa + xg + ho) + 8lxa + xg = ho)dlxy + x4 = ho)
— Mo+ xg + h)Sxs + Xy = By —dlxs + x4~ ho)dlxg + xg + hodldxadys, o)

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

Hxyg) = plo)| [0 (—x)|? + [O=x 0% - (2Zho) (=X )0 (=x4)
—u* (2Rl —x )02 =x ) + p(o)|[O4(—xy = 2hy)|?
+10s=x, + 2003, un

where u(2ho) = |u(2ho)| expli) 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 plane Py,

l\)('x," = |u(‘.’h..)l|().(n) - ()g(x.‘)l“‘
+ 11 = Ju2h M H O]+ JO0xx ], for p =0,
12)
From Eq. (12) we see that the first term is propor-
tional to the intensity of the subtracted image, and the
second term is proportional to the sum of the image ir-
radiances, where |u(2hy)] is the degree of spatial co-
herence. If the degree of coherence |u(2h,)| is high, i.e.,
u(2hy) =~ 1, Eq. (12) reduces to

Tal=x ) ~ |O(xg) = Qs D], doe [u2hglf 2 L (1K1}

Thus we see that the spatinl coherence is only needed
for every pair of points |xy = x| = 2hy. Inother words,
only a point-pair spatial coherence is required lor
subtraction operation.

4084 APPLIED OPTICS / Vol. 20, No. 23 / 1 December 1981

Kyteea) ~ exp[i"lw "—{;— + ((x:)” . {16)

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

plvaxy) = exprans) = elxo))

X J'S(xy) exp

. X .
2r = (x2 = x))|dxy. (1N
xrr)\/ Xn z] i

From the above equation we see that the spatial co-
herence function is the Fourier transform of the mask
transmittance function modulated by a phase (wave
aberration) factor. However, the phase aberration will
not affect the degree of mutual coherence |g(xo,x3)|. In
the remaining analysis, we shall ignore the phase aber-
ration and assume that u(xs,x,) takes the form u(x,; —
X

Now we evaluate the degree of coherence |u(2hg}| for
two different cases. We will tirst evaluate a single-slit
encoding, i.e.,

Stxy) = rect (x,/s), (18)

where s is the slit width, By substituting 1q. (18) into
I%q. (17), we have

{ W) = sine—y 2 19)
Xs = X)) = sine—(xy = xo), t
' N

where the phase factor was ignored. Sinee the spacing
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Table ). Spatial Coherence Requirement for smglo-snp Mask

1o 120

sd 172

ui2ho 1

[ERE a0

period of the grating (. d = (f\Vh,, it weletx, —x., =
2ho = (2/N/d, Eq. 019 can be written

s
ulhoy = sun(;‘n I) . 2
.

Thus we see that the degree of spatial coherence
[t 2h | depends upon the ratio of the slit width s to the
spacing d.

To gain a feeling of magnitude, we provide several
values of ut2,) in Table L from which we ¢ .nsee that
a high degree of spatial coherence can be attained only
through a very narrow slit. For example, if the spacing

of the grating d = 25 um, to achieve a high degree of

spatial coherence a slit width s < 2.5 ym should be used.
Thus it makes the source too weak for o practical pro-
cessing operation.

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

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

N v-nd’
Sl = Y recl( —) . (V48]
w1 K
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

sine|— x

N sin(rr d—{) M
N

where ¥ = x5 — x5, From the above equation we see
that the last sinc factor is identical to the single-slit case
of Eq. (19), which represents a broad spread of coher-
ence over x. However, the first factor for large values
of N converges to a sequence of narrow pulses. The

22)

M rrs)

locations of the pulses (i.e., the peaks) occur at every x .

= x5 — xa = n{\f/d’). 'Thus this factor yields the fine
spatial coherence discrimination at every point-pair
separated at distance (A\f/d’) aover the input plane P..

1f we let the spacing of d’ equal the spacing d of the
diffraction grating G (i.e., d’ = d), the spatial coherence
of Eq. (22) becomes

xin(N " X )
Il ¥X

ulx) = ———— sin('(n —]. [RA)]
o dhy,
N ~
to
_ where we substitute d = (M)/hg. From g. (23), we sce
that a sequence of narrow pulses occurs at x = xu — x;

= nhy, where n is an integer, and their peak values are
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Fig. 3. Coherence function ublained with multislit source encoding,

where v =[xy = v fand 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 ot slits N T'hus the mul-
tishit source encoding not only provides o point pair
coherence requirement for image subtraction but also
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 gquasi-mono-
chromatic light, but the effect of the tempaoral 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 AN of the source so that the dispersed Fou-
rier spectra will not spread beyond the allowable limit.
In the image subtraction operation, we should limit the
spectrum spread within a very small fraction of the
grating spacing d, i.e.,

Wpaf ANV 27 « d, 24)

where p,, is the highest angulur spatial frequency of the
input objects, f is the focal length of the transform lens,
and AN is the spatial bandwidth of the source.
Therefore, the temporal bandwidth of the source should
be limited by the tollowing inequality:

RN In

~.
N e

. 25

where N is the center wivelength of the light source, and
2, is the separation of the input images.

To gain a practical feeiing, we let hy = 6.6 mm, \ =
H461 N and take a factor of T0of 1. (25}, The temporal
bandwidth requirements AN for various values of spatial
frequencies py, are tabulated in Table 11 We see that,
if the spatial frequency of the input objects is low, a
broader temporal bandwidth of the light source can be
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Table !l. Temporal Coherence Requirements

ANA 164 83 6.5 11 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 are lamp with a green
filter was used as an extended incoherent source. A
multislit mask was used to encode the light source. The
slitwidth 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
transtorm 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 Py ot Fig. 2. The sepa-
ration between the two input images to P, was 13.2 mm.
We evaluated the coherence area at the input plane P»
as ~75 X Th um?. We note that the ¢oherence area is
rather small and the spacing of the diffraction grating
should be accurately matched with the spacing of the
slits,

For our first demonstration, we provide two contin.
uous tone images as input object transparencies as
shown in Figs. Har and «h). By comparing these two
figures, we see that a liquid gate was withdrawn from the
optical brench in Fig. 4155, Figure $(c) shows the sub-
tracted inugee obtined with this mcoherent processing
technique, while Fig. 0di is obtained with the coherent
processing technique.  From the result obtained with
the incoherent technigue, a protile of a subtracted liguid
gate can be seen. While from the resuit obtained with
the coherent technique, the subtracted image is severely
damaged by the coherent artitact noise. Thus we see
that the incoherent technique oifers 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 tilm cannot be com-
pletely compensated. As Chavel and Lowenthal’¥1”
have shown, incoherent processing can indeed suppress
the phase noise effectively, which can be seen 11 »m Fiy.
4(c).

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

1a)

)

(c)

[(¢}]

Fig. 1. Immge subtraction; comlinuous tone object; () and (0) ioput object trmsparens ies; (00 subtaeted imnge obtnined with on incolerent

e himguie, G subitrane ted inape obtarmed swathoa colierem technigue.

4086 APPLIED OPTICS / Vol. 20, No. 23 / 1 Decembor 1981

L N —— e adasel a3 L

- s e

e 0. ————




()

Fig. 5. Image subtraction parking lot: ta), (h) input object transparencies; (o) subtracted image obtained with an incoherent technigue.

this figure, the profile of the missing passenger car can
readily be seen at the output iinage plane 17, It is also
interesting to note that the parking line on the right side
of the missing passenger car and the shadow can clearly
be seen in the subtracted image of Fig. 5(¢).

Vil. Summary

We have introduced a source encoding technique for
image subtraction. The source encoded function was
evaluated from a specific coherence requirement for
image subtraction operation. Since the image sub-
tracti. . is a point-pair problem, and the processing is
essentially a 1-D operation, it is possible to obtained a
required coherence function by encoding an extended
source with a set of narrow slits.  In other words, the shit
width. the spacing of the slits, and the number of slits
determine the spatial coherence requirement.

The basic advantage of the source encoding is to in-
crease the availuble light power tor the processing op-
eration, so that the inherent difficulty of acquiring a
very small incoherent souree can be alleviated. We
stress that the concept of source encoding may he ex-
tended to other incoherent informntion processing op
crations,

Aside from the spatial coherence requirement, there
is, however, a temperal coberence requirement for the

image subtraction operation. If the spatial frequency
requirement for the image subtraction is high, a higher
temperal coherence (i.e., a narrower spectral width) of
the light source is required.

In experimental demonstrations, we have shown both
the results obtained with the incoherent processing and
coherent processing techniques. By comparing these
results, we conclude that the incoherent processing
technique offers a better artifact noise suppression and
better image quality.

Finally, we also stress that the incoherent image
subtraction technique is generally very simple, versatile,
and economical to operate. 1t may offer a wide range
of practical applications, In addition, the technique is
also capable of operating in a real-time mode.
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Abstract. A relation between spatial coherence function and source encoding intensity
transmittance function is presented. Since the spatial coherence v depending upon the
information processing operation, a strictly broad spatial coherence functiion may not bhe
required for the processing. The advantage of the source encoding is to relax the constraints
of strict coherence requirentent, so that the processing operation can be carned out with an

extended incoherent source. Fmphasis of the source encodings and expenmental de-
monstrations are given. The constraint of temperal coherence requirement is also discussed

PACS: 4230, 42.80

The use of coherent hight enables optical processing
systems o carry out many sophisticated information
processing operations | 1 2] However, coberent opti-
cal processing systems are contaminated with coherent
artifact nowse. which frequently limits their processing
capathilities. Recently, attempts of using an incoherent
source o carry out complex information processing
operations had been pursued by several investigators
[3 6]. The basic limitations of using incoherent source
for partially coherent processing is the extended source
size. To achieve a broad spatial coherence function at
the input plane of an optical information processor, a
very smitll source sive is required. However, such a
smiall light source is difficult to obtain in practice, We
have, nevertheless. shown in recent published papers
(7 10] that there are information processing oper-
ations which can be carricd out with incoherent
source. In other words, o strictly broad coherence
regquirement may not be needed for some optical
information processing operations,

In this paper, we shadl describe a lncir transformation
relationship between spatial coherence function and

* Vistg scholir from Shanglian Optical histrament. Reseinch
Fustitute, Shanghae Cluna

S0 Vi sohobae oy Shanphuie Tnstiie of Optics it Lo
Mechanios, Acadenua Sitea, € hina

source  encoding antensity - transmittance funeton,
Sinee the spatial coherence regunement s depending
upon the information processing operation. & more
relaved coherence function may be used for a specific
processing operation. By Fourter transforming this
colicrence function, i souree encoding mtensity tans-
mittance function may be found.

The purpose of source encoding 18 1o reduce the
coherent requirement, so that an extended meoherent
source cin be used for the processing. In other words,
the source encoding technique is capable of generating
an appropriate coherence function for a specilic intor-
mation processing operation and at the same time it
utilizes the anvailable light power more effectively. We
shall illustrate examples that complex  information
processing operation can actually be carried out by an
encaded extended incoherent source. Laperimental
Hustrations with this source encading technigue are
also included. ‘

Source Foncoding with Spatial Colierence

We shialb e om discussion with the Youny's experi-
ment uander extended incoherent source dhmmation,
asshown i Figs | Fiest, we assime that e narrow sl
is placed at plane 1P behind an extended soumee, Lo
nmatinGom o high degree of spatial coberence between

O721-7269 82 0027 (099 $01.20
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Fie © Younp's experiment with extended source illumimation

the slits 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 sht size S, is
required. Thus, to maintain a high degree of spatial
coherence between Q and Q. the shit width shouid be

fir]
w< . th

where Rois the distance between plines Py and P, and
2h, 15 the separation between Q) and Q, (Fig. 1),

Let us now consuder two narrow slits of S, and S,
located 1 source plane PP We assume that the
separation between 8 and S, satisfied the following
path length relation:

r=ry=ry—ryb+mai, (2)

where the s are the respective distances from 8, and
S, to Q, and Q,. as shown in the figure. m is an
arbitrary integer, and 2 is the wavelength of the
extended source. Then the interference fringes due to
cach of the two source slits 8, and 8, would be in
phase. A brighter Iringe pattern can be seen at plane
P,. To further increase the intensity of the fringe

pattern, one would simply incrcase the number of

source slits in appropriate locations in the souree plane
P, such that every separation between slits satisfied the
coherence or fringe condition of (2). If separation R is

X;

907 {/p

e H

FoES Yucetal

large, fen Red and R» 2k, then the spacing d
between the souee shits becomes,

R

! . (3
2h,

d --n

From the above tlustration, we see that by proparly
encoding an extended source, it is possible to maintan
the spatial coberence between Q and Q.. and at the
sime ume it ancreases the imtensity of illumination,
Thus, with a speatfic souree encoding technigue 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 spatal coherence function for an mformation
processing operation. With reference 1o an extended
source opticial processor of Fig. 2, the spatial coherence
function at mput plane P, can be written {11

Fing X3 = FESINDR (VIR XN N 4

where the integration ts over the source plane P, Stx))
iy the intensity transmittanee function of a source
encoding mash. and K inoxL) s the transmittance
function between source Plane Py othe input plane P,
which can be writien

. fL N Xa\| <

!\,lx,.x,l:cxp'l(ln I (5
: Y

By substituting K {x,.X,) into (4), we have

Xy

2l

From the above cquation, we see that the spatial

coherence function and source encoding  intensity
transmittance function forms a Fourier transform pair

(X, — X5 ){dX, . (6)

. l.
fix, —x4)= {}| .s(x,)cxplﬂn

sx ) =FF(x, - Ny, (N
and
I'ix,—xy) =7 '[six}]. (8)

where . # denotes the fFourier trmsformation oper-
ation. I a spatial coberence function for an infor-
mation processing operation is provided, then the
source encoding intensity transmittance function can

Ls
P 20 Parnadly coherent optical processing
with cicoder extended incoherent somee (4
] vatvaded icolerent souee, | collitiation
- [} - |

lens 1y amd 1oy translotm Tenses)
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be determined through Fourier transformation of (7).
We note that the source encoding function Sy ) can
consist of apertures or slits of any shape. We further
note that in practice Six,) should be i positive real
function which satisties the [ollowing physical realis-
able condition:

UESMER g 9

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

. X, - X
I‘(.\'_,——.\'Z)=rccl{| " ;'}. (10)
where o is an arbitrary positive constant, and

rect .\'}- 1.
“Nal o,

then the source encoding intensity trunsmittance
would be

Inf= A,

otherwise,

. (AN
S(.\'l)=smc( ) ,‘). aun
2!
Since S(x,} is a bipolar function, thercfore it is not
physically realizable.

‘Temporal Coherence Reguirement

There is, however, i temporal coherence requirement
for incoherent source. In optical information process-
ing operation, the scale of the Fourier spectrum varies
with wavelength ol the light source. Fherefore, a
temporal coherence requirement should be imposed on
every processing operation, I we restrict the Fourier
spectri, due to wavelength spread, within @ small
fraction of the fringe spacing d of a complex spatial
filter (c.g., deblurring filter), then we hase,

Pm.""‘;‘

o <d, (12)

where L is the highest spatial frequency ol the lilter,
P, is the angular spatial {requency limit of the input
object transparency, [ is the focal fength of the trans-
form lens, and AZ is the spectral bandwidth of the light
source. The spectral width or the temporal colicrence
requirement of the light source is, therefore,

Ahm

L S (3
A hﬂ' L]
whiere Z s the center wavelenpth ol the fiphtsowee, 20,
v othe size o the mput olyect tanspatency, d
2y = (A fKd.
T order 1o gain some Teeling of magnitude, we provide
a numerical example. et us assume that the size ol the
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Table 1. Souree specteal requirement
'D
“Lhies | a5 { hl 26 X
n
141A) RIT S N7 Je B ] I 546 1

object is 20, = S mm. the wavelength of the light source
iy =546 A, and we take a factor 10 for (13) for
consideration, that is

. 1Ons
da= (4

h()l mn

Several values of spectral width requirement 12 for
various  spatial  frequency P, are tabulated
Table 1,

From Tuble 1, we see that, if the spatial frequency of
the input object transparency is low. u broader spectral
width ol light source can be used. In other words, if
higher spatiaf frequeney is required for an information
processing operation. then a narrower spectral width
of hght source is needed.

Examples of Source Fncoding

We shall now iltustrate examples of source encoding
for partially cohecent processing operations. We would
first constder the correlation  detection  operation
[123.

tn correletion detection, the spatial coherence require-
ment is determined by the size of the detecting object
(e, signal) To insure a physically reabizable encoded
source transmittance function, we assume o spatial
coherence function over the input pline P, is

K ’
J‘(h(, lh—xz')

rgx,—x,h= . (1S
n
N, x4

I,

where §, is a first-order Bessell function of first Kind,
and hy, is the size of the detecting signal. A sketeh ol the
spattial colierence as a function of v, - x5] iy shown
Fig. Ja. By tking the Fourier transform of (15). we
obtain the following source encoding intensity trans-
mittance function,

S e Il (o)
Lw

where w (f 20Dy, eothe diavmeter ol acieular apertue

is shown o bap S,

AT 1 S A L W RS
3

cir . n

otherwise,
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J s the focal length of the collimating tens and 2 is the
wavelength of the extended source. As a numerical
example, we assume that the signal size is b, =3mm,
the  wavelength is A=35461 A, focal length iy
f=300mm, then the diameter w of the source encod-
ing aperture should be about 32.8 um or smaller.

We now consider smeared image deblurring [13]
operation a3 our second example. We note that the
smeared image deblurring is a - D proces-iug oper-
ation and the inverse filtering is a point-by-point
processing concept such that the operation s taking
place on the smearing length of the blurred object.
Thus, the spatial coherence requirement is depending
upon the smeasing length of the blurnred object. Yo
obtain a physically realizable source encoding Tune-
tion, we let the spatial coherence function at the tiput
plane P, be

- . . n ,
Fix, — X,y =sinc I.V2~.V,|). umn
;].\'2 .
where Ax, is the smearing length. A sketeh of (17) is
shown in Fig. 3b. By taking the Fourier Transform of
(17), we obtain
X
S(.\',)=rccl{| il . (18)
w
where w=(fA)/(.1x,) is the slit width of the source
encoding aperture, as shown in g, 3b, and

rccl{'-ﬁ'}:{I. 0§'~\'||§“'v

W 0. otherwise.

For a numerical illustration if the smearing length is
I, - L, the wavelength s« S301 A aud the foeal
length is /- 300 mun, thea the shit width w should be
about 163X jum or smaller,

We would now consider image subtriction | 1] for
our third illustration. Since the inge sublaction is a
D processing operation and the spartial coberenee

S(x,)
w
b

o S )

. N
. \
A .
.
! [
Ke - ' -

LR

g g Lo baamples of spatial colierence requirements and

sauree encodimps, [P, - 2500 spatial coberence tunchion,
SOy, soutee encodig transmgtanee ] ) bor core-
lation detection, (by for smeared smage deblurnng, and 1)
Tor unage subtiaction

requirement 1 depending upeon the corresponding
point-pair of the images, thus a strictly broad spatial
coherence function is not required. In other words, of
one can suxintain the spatial coherence between the
corresparding image paints to be subtracted, then the
subtraction operation can take plice a4t the output
image plane, Therefore, instead of utilizing a strictly
broad colicrence function over the input plane P,, we
would use a point-pait spatial coherence function,
Again, to msure @ physically  realizable source-
encoding transmittance, we would let the pomt-pair
spattial coherence function be [10]

I'(lx, - x4

. {Nn ,
sin [\‘,A.\'.)
h, = 1/ _ fnw .
= : -sine| - x, — X5 1Y)
, . (n , hod ™
Nsing, v, - .\'_.|)
Iy

where 2k, 1s the main separation of the two input
object transparencies at plane P, N3 1 a positive
integer. and we note that w<&d. Equation (19) repre-
sents a sequence of narrow pulses which oceur at
[x, — x5l =nh,. where 1 is a positive integer, and their
peak values are weighted by a broader sine factor, as
shown in Fig. 3¢ Thus, we see that a high degree of
spatial coherence s aaintained at every point-pair
between the two input object transpitrencies. By taking
the Fourier transformation of (i we obtamn the
following source encoding intensity transmuittance

N ' .

Y Ny —nd|

D= Y reag ! 1

N W

M|

(20)

whete wos the St owadth, and d A0 b, s the
separrittion betweeir the shits, Te s clear that (20)
tepresents N namber ol erow shits with cgnal spac.
ing d, as shown m Fig. 3¢ As o numerical example, we
fer the sepacation of the input abjects fr, 10mm, the
wavelength 2 S461AL the focal fengtis of the col-
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Hador 4 - 300mm, then the spacig o between the
shitsas o4 e The shtwaideh w should be snwadler than
d 2o or about S he size of the cocodimye mask s
2mm square, then the number of shits N s about 122
Thus we see that with the source encodimg it s possible
to merease the mtensity of the tlaminanon N fold, and
at the same tme it mamtains the pomt-panr spatial
colierence  requirement  for amage subtraction
operation.

Experimental Results

In this section, we would tllustrate (wo examples as
obtained from the source encoding techingue. The first
experimental ilustration s the result obtned for
smeared photographic image deblurring with encoded
incoherent source as sitown in Fig 4. In this expen-
ment a Xenon are lamp with o green iterference hitter
wis used as eatended incoherent source. A sigle slit
mask of about TO0 m was used as o souree encoding
mask. The smeared length of the burred image was
about t mm.

Figure § shows an expernimental result obtained from
imiage subtriaction operation with encoded incoherent
source. In this experiment, a4 mercury are lamp with a
green filter was used as an extended incoherent source.
A multishit mask was used to encode the hght source.
The slit width wis 2.5 pm and the spacing between slits
wis 25 pm. The overall size of the source encoding
mask was about 25 x2.5mm?. The mask contains
about 100 sfits.

From these experimental results, we see that the
constraint of strictly broad spatial coherence require-
ment may be alleviated with source encoding weeh-
nigues so that it allows the optical formation pro-
cessing operation can be carried out with extended
incoherent souree.

APPLIED Sy =,
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g daand b Photographic image deblurtmg wath encoded eaten-
ded imcohetent souree. G loput bluried object and thy deblurred
Hapye

Conchision

We have derived o Fourier transform relationship
between the spatial coherence function and the source
encoding intensity transnuttance function. Since the

coherence requirement is depending upon the nature of

a specthe information processing operation. i strict-
Iy broad cohcrence requirement may not be needed
in practice. The basic advantage of the source encoding
technigue is o alleviate the constraints of the strict
coherence requirement imposed upon the aptical infor-
mation processing system, >0 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 system is usual-
ly simple and economical 1o operate. Finally, we would
stress that the source encoding technigque may be
extended to white-light optical processing operation, o
program is currently under investigation.
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