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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 wltb 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

procassing environmnunt It not is critical a4 coherent optical processor:

For example, weighty optical. bench Is not reqilrvd and It 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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cessing system. Another interesting feature of this system is 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 Deblurrng (See Section III)

Our research in the past year period has included the smeartd-

photographic-image deblurring [11, 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. I. wever, the deblurring spatial filter that we used were a

narrow spectral band centered at 5154A green light. To compensate

for the scaling of the signal spectrum due to the wavelength cf the

white-light 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

fuore annuial repor Ls.

We have also extended this image deblurring technique to color

photographic image deblurring [21, as shown in Fig. 3. We have pointed

out earlier, the white-light processing technique is suitable for color V

image processing, the color image deblurring was achieved with narrow

red and green color deblurring filters. The center wavelengths of this
0 0

set of deblurring filters were about 6328A and 5461A respectively. The

filter bandwidth contained five main lobes and thus spectral widths
0

are about 1OOA. From the result of Fig. 3, we see that the deblurring

effect of the green letters "P" and "C" seems to be more effective than

other color letters. This is primarily due to linear amplitude transmittance

of these smeared letters. In ctther words, the 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 Image Subtraction (See Section IV)

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 Image points, a strictly broad coherence requirement

is not needed. It is possible however to encode an extended incoherence

source to obtain a point-pair spatial coherence function for tile image

subtraction operation [3-5] (see section V). In evaluating the spatial

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 see 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

severely damaged by the coherent artifact noise. Tits we see that tile

incoherent technique is indeed offering a better image quality.
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We have also extended this image subtraction technique for color

images [6,71, 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. In 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 this 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-light optical processing [9]. The spatial and temporal

coherence requirements for smeared Image dehlorrtng and Image sob-

traction problems were evaluated. For image deblurring, we show

that spatial coherence requirement is 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

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 is 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 11gh 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

2, i -
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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



13

to color image processing. We note that, initially all

the visible images are color.

6. We will investigate the possibility of implementing natural

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.

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

white-light optical processor. This real-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-

cation 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-light signal processing techique which has the capability of

...............- [



14

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

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,

if the spatial coherent requirement becomes very stringent, then

the use of a coherent source may not be avoided.
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SECTION III

White-Light Optical Information Processing
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Optical processing of photographic images

F. T. S. Yu
Pennsylvania 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 analyzed with many of the same concepts of linear system theory

(e g., spatial impulse response, spatial frequency and spatial domain synthesis,
etc.), and the photograph ic images to be pr ocessed can be regarded in the same
phase modulation. space-bandwidth product, etc.). Both coherent and incoher-

ent optical processing systems can be treated as linear systems, and the
processing operation can generally be carried out by communication theory
concepts.

Although coherent optical information processing operations have been
J1. 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 importance
Deputy for Elect-onic Technology of optical information processing operations, either coherent or incoherent, is
Hanscom AFB, Massachusetts 01 731 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
and possess certain advantages, we feel, over the traditional coherent optical
processors. Experimental illustrations of the results are provided.

In view of the broad area in optical processing of photographic images, we
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 their references.

Keywords: photo-optical insrucmenhation engineering ph orographic images;- coherent
optics,- opricail image processing.

Optical Engineering 20(5), 666,676 (September/iober 19871)
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s~slenI iscapabcle rieducitigthe iesitahle artitaci tioise, hut onl the imre slp.qh is thle -loumier spectrum kit s(\.\ I
other hiand it generalIk itrtoduices, a dc-hias buildup pitn~lm. %%hlicli
againi call exuolt if piiltiimse pet l~iii mmtc. I licic ate. litissesem
techniques sihici liase beemn deseloped loti etulueeitil opipeatli %ilth P Al
light tul rediced coherence" 11 ii nii aseragilig." h'1ut at thle
expense itt increased sv~ltem compleit'ki.. antd

* ~AttemptVs at It dItioU I lie LitC 11It al ~CUClieice ruItest oin thle
light source Ill [the optical illiiutotpii-xmu I it iitigetueral
categoiries: (ll the use til inicohereint instead til coiheert optical A /f
Pt ocessing pur~ued by I tusetitlial anid ( a iaiid I ohtilanill, A
a*ing others: arid 12) tife redluctitin ut coherence Aihile still uperial- ((k.11) is Ilic lineal spatial coourdiniate sisti (it Ip~qh atd I is [the focal
Ing %41i1h luneai-aiuJoplitulde S'isteltiS pUiiiued h\ I cith and Roth.- lnt ttm cioai rntr es11 ntrso h pta
I hec latter is the tite that %te hel'iee ito he a ser Il proinising technique. tlith o t aciont c 0. ntoi lef. (1) c1. he term ratelentia

aind it is thle coitept thalit Nit is pill sIttiig odias(toan .Iq(2cnheIte.
Since its itisention the laser has bectite a uisetul toolt hi- mlany Al

applicatIins in ctiherent opt ieal in format ion priocessintg. I Iitis t rentd I I tfitAl Si. /I. -r~ojl + (',(I - -- 11,1111
ull adsvances sits mainly due ito the ciotplex amuplit ude proicessing 2 7
ca pa biliaty Iti addittiti toi the noise prioiblem i n tioni ted a hose. tile

Is tusualls critical ' 2m i (3)-
IeCetutIN In ii lutkingat ioptictal 111101 Mat itit pi ticess1ig teCIuuIques.

fi-tim a d itfferent s s i it aquestiott arose. Is it necessary5 that all I-i om lie a buse equnat iotn, we see that t is i first -trd ersignal spectral
te11wiiit1t.1tiiiii Illtiik5SIIIr ot-iieititti iiqIiiiit.i itilit-iti coiti* 0WL huild I tk. Svcoidid iihiilttitS),wisiel Into iaumbos coiltors
founid thait tlteic atle sesetal ttlicail inliiti lationi pititesiig tita ailong tile 1i .isis. andi eacti spectittm is eced at it tAt1 2 ir) p,,.
tions that can he car ied out twith Iiedcined ci eence. 11 lie ciiliciec Iiit (lie anta Is %sis sic asstume tha t a sequietnce it tiif clx spat ialI
tequurient liii certaini iilii tatitui piticessalg iipei.itiiS s itit lut) liltets loii aiiiis A, 1x asamlablc. i I pii) "ii et
high, i l ua\ he carried tiut %i ih itmelihe ct it ii hue-light s.ourices. Ill

2'r
I AA Ii

ant

I I sc pl lace t liese coilpes spatfial tillers Ii I tic spat ial I veql ic iueN platne

Fg1,A white tight optical processor. 1, whoeelight source. T~x). phase F (p.q A) SIp p",.qI [I~p (PtP141 4
grating; L. achromatic Iens; 14(p.ql. complex spatial titers.i

(it CAI I NJi .I I ttltNr ;tti~tirtt,i~ tItFt I Vil 20t Nit 66 7
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the correspondingcotplex Ilight disttihutioii at Ithle oulItit p lanle %%c %%ill des,:b he is anl Itserse COniples spatial filtering ploies~ We
Ilokt hie processor for each A s% ould he cots id er thle I -otirci sped clitm otf i blrred phot a ph ic I inage as

g\. A ( ) P pql) I 1p (1),,pql SpqlI~pq .(l

slieic S (11q) is-th1C out lei spedti uni of utihiuried iniage: aind I )(p.q)

is the lout ICI Spedtt111 0iito thle hlurl tunet ott
expfi(pl,I~ -t Li") I dpiin dteliuilnv "Ci~. applN the bliiited pittahcmieI( 5.' to

it jptscithcdt its cisc filici. as shovtt in I ig 2 Wie let the inlidis filter
,A here (he itegration isu rtesa ~lditat.We .ssuic I flat (lie funtctjion he
signal spectrum is spatial frequlenc\ limited and the hand%%idthI of
11 (ip,-.q) extended to this limit. i.e.,

lifpll.ql ( i 'l (eat

A here i =(Anfl ir) (p, -f -1p). and o, (-All 1 2 T) (p,, -1 p) are the Hpq

upper and the Io" er spat ial limnits of AI (pit, ci). and -1p is i lte hand- F kp, ) G(p,)R(PAitt (P,Q p.
%kidth of the input sig~nal. I he limiting %%a% lengths o1 thle dispel sed
spectra at the tipper and the tosser edges oft thle filters are, 2

1

'If 'I P PI Fig. 2. Block diagram of an image debturring system. Il Vspatial
P. - Apdomain. lp~q). spatial frequency domain.

and

II(P.(l) - --I ip-q (12)

All An P - (7) Dpq

0"+-A then thle output I-turer SPctrum is

and the corresponding wasclength spread user thie hilters is.
therefore. (;(Ptl) I-(p, L) I ll - S (p.q LI (131

4 p,p %%i Ch1 is Cse Iit litIlk I lie l oaner c spectru it il t he unithlu rei d itna ge. Fie

-'n- An -2_.,) iX nserse tratisirti is

ltthesCpatlial Iietluteney p, il tltegratitig is Itigi. thenl ihc ssasclengtlh Ifsv)x".,I Is s. ' ls"sN.> (14)
Spicaut ciser thle tilters tLiii he aploiiiied f

4Ap An. It,, Ap (4) s% It icli is t lie I Iiitlit I I d iltta1ge s( IN,\1
A* 1 1. p P( We ntote t l I it hiogi ilttle ittagi dchltit ing b\ colicriit opt ical

piiicessiiig teeAliiiilic %%its 11fillaed lIf I siiliji 2 'W In 1963 1the

Since the complex spatial I itterings take place lin discietc Ilourier in~s sspat all ltet ss as s~ithlcsi/ed h> t lie cotbhnationii ut an aitip-
spectral hands of the light surce, the filt ered signals are mnill littdle al it little phase filter, I Ii i; cani also he accom plishled bN a

incoeret. Ihetlor t le uiitptt iglt itleisitydis hu ottis tuiograplt s\ lit esis tedlttiue. I lie preparation ill such a phas
tilter b\hs lltgi aplic tecltiiue hadl bcetn studied hs Stroke atid

iseAli, '1 andt by I oulttiatit andtli is)', Neseitheless. the lwiutlaphic
If~ ~ I ~ ~ A~ij g (s A~ IIsy ties is (te lii u ie a Isu su Itels one d sus ai tage it el to\%

ii t utiliactiiii ctliuiiiei. intt Ittiust also li w itile iof flt, image
dehlui igssi idtiiaic geticiuted pase liltet otaineud ha I sIiiniclti.

.. ~A~ss . 'a )'lil .~ . l~ft Iliutda. .11it1 l iilsi "' I lit-s htail shtotk It s;u los elCLeets ittc ii ilt
A~ %xNAn*\\ .An)1 t o itile, ph.... .iil .iiiu littite-liulste tltetiogs .Niutlii liiiuitstiiig

I ~~result obtaintte b\ II ornetiIl 12 should also he mteitionied Ilie has

%%here Ill .v; A,) is thle spatial itmpulse tesponse ofl thle tiltetiI p u1 ) slto\ ii I.hi optoititin limage dehluling lay~ he ohtained it (It least
and 0 denotes thle eons olution operationi. I rout tile abhus eqluat in. teitslieci ll i tiitg.
w~e wee that tile wshit c-light pri teessing tec-hniqu it s Indeeidca pabhle ioi We ss ill hi i tll dcw e tiihe t he syn thesis ilt a phase lilte, that. sAshen
processing the signal li comtplex amtplitude Since thle outputt inteiisitN comintedt su ilt anl aimplitude tlter, cain he used br image dehlurring.
is thle sltn Il1 thle ittt111ittut utteoleil ettt.a1 tins-hatid if laditices file lotl t5.iiiillk. let tflie- titipli iueI.istii lanc i lna l icut utgd
atno ing cohetl ett a, 1 liact noise call he suillili esed Ituut oni it.1

In addition, tile wiluuligrlt soitie contains all flt- \s usit wase-
lriiptlus clte ilu11C ~ ~ 'iui suaveC. .iiui llitiuiiu uii il. ii Is t111tll
suitable bor coloi image piiieessmg. We tWither tnote thtat tile whiute- I ~
tight processor tit' 1 ig. I can also he used liar cotitctt antd partialIs --

ci uhcettt light . 0 tI oiluletuss 1

3.~~~~~s litGAP I M GED RU RIG\hre -INs is the stivat length 1t tile hltiti tut itage is iiisci teu in tile
One ol the interesting applicationis uit optical informatioun processiitg inaput platte l1 of tit coherent iiptical i uicessor ti Ulf ig I te ickntpleit
is restoration of blurred phtiaogripltic iiages. I hie ilehluri itg thi,ut light fiu 1 liiiti lit, ilIi ctiuetcic -. oue uso tich
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the famwiliwar %tine uInn I n iii ntl pie. tilie hliied tillage inaw) hetI L)1"q x 20

detirc ed h% iwise littew wig I o doi soi Nc le~t the 1111cic it cminai- It is Clear tha~t tile irISI lt In11 Itiespect rn duc to t he amplitutde filter
icon ilt an aniplitutde and aw phase tiller. as shi it I I t ie filter ailone. "c iii% cill he dillw acted cii the oiical altis at th outpot plane

I), cii Iig 1. 1lie Sconid andI third! lewin% are thle ieslicicd I ourier
spectw a. Ii Muhcch the reslocied iniages %ii ll he respeetis ek dill racted

3(lA~ arounid N, %, alld N,- -, at thle Output plane 1',
3(a) Ani inte esting alternatise approach related tc holographic vs n-

thesis kit tilt filter has receritl% been repoirted h% V'asti and Rogers."~
We nloic hriCefh descibe ahilelgl-poesn techiqiue for

si nca ed-i iaged i ciring. We p lace a silica ted -iniage trans pai ency
in cintact cicasccsidc phase grating at the input plane Ill il the
%biite-light piocessor ol Iif; 1. 1 lie niathieniatics of this base alreadN
heen described Ii Sec 2 For siniplicits ccc assumne that tile Input
transparenie\ is spatical IieqLIeIiC) linitied and that tile Smearing is in
the \direction of the Input spatial plane. We further assumec that a
tiarrosc -hand dehlurring filter, for a gise cmiccaselengrh Xi A as
described caiit e is p) ls ided.

TMIt \%t: iiiseit tile dehlcirrig flter oft 111131 05cr a niirrcicc spectrat
I q hand ill tihe smeared-signal spectra tj- I A IAl 2 r) p,, 131 at A -AW1

_q 4  -q 3 -ql2 _q 1 o q Iq 2  q 3  q4  thieii tile :oniiplek. light field at the output plane P,. loti a gicen
scaselengib A us er thle deblurring filter, can be caluated hNIN the

3(b) 4 iqi g.'A/ ) H A t-- ~.3
(i

is\p (,I\ 11% dill( ( 21)

-4 -q3 -q2  -ql o q1  q2  q3  q 7
1  ~ Ahite ' .i ciiiplc\ conistanit atid. 11(11'. ilie dchlirinz filter thle

I coiiiispimili .iiPiJipcitlh IMinIeSit Iishihcibtiiii Cani he ;ippicixi-

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

Is AAIt lX.N) C\p(ip,).k) * li(N11 . (22)

transler fuittion isc here AN \,,4.lp p,,t is the wiarrioNc spietral hand cit light oiser
thle dclliill f illemt I\ is thle spatiail iiitilse lcspiiiise cit II t(We*

I I (q) A~q est1wt7)t ticlics thlt mcci%,Itlwmowm liciaticic, andi Ks is ai lolciticiiillis Cciii
slantl. Ilcctil 11cc ab0ccc ctiwiwllicn. %c see thiat the litlicdc ciliage is,

We let Illi tile wiwwwii ia isiiiltiiicC tit ii iiltiw t tile m llii ilet cillicdc icci 1 .111clt .pi l isis altlce ciltiili 11.11-k Plaine V,

and thle relawtkte dtegree ol lestcirat iii , ie duitec ;I, A an cclviiiiiiciitl ilhsiraticii. Ibig. 4(a). sltocs tile itie

I J U(0(l dki \ 114Wi. IN)I 1

%% here Akt is the Spatial hian"idscth cf il lie ii. \ke niote Ithati Pei l~t 4 (a)

a cWiCwwiciii it -M C Il I 11i 111w S * I l c Iis ac ol ticcI . INc- 11cc. cccfIs,

41b) 4 10

I4q) cos [ ~~4,()ld I ,, 1 (19)
2 Fig. 4 Linearly smeared image deblurring. (a) Smeared object. (b) do-

bluirred with white light technique, and 1c) deblurred with coherenit light
wherev yo i an arbitrary conistant. I*lien the I litered Ilomi icr spect I till) Is hZhuang. Chao, Yu, 1981 11)

L-J-
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Fig. 6 Image subtraction with encoded extended incoherent source

Stat -MS. multiple slit; P2, input plane, P3. filter plane. P4. output plane, Li.,

L2, L3. convergent achromatic lenses of focal length F iWtu. Yu. to beA

5 (a)Publihed"

5 (b)

Fig 5 Smeared imaged clbI ring incolor (a) Blurted inia olit( do
blurred with while light techniqu a Yu, Zhuangq andi Cteo to be
pulishid ')

the: cohetent-prcccsing tcc:hiquc I Nipiicil detailk .ic gti'. ci it Rcl Fig. 7 Image subtraction. (a) Input objects, (b) Output with incoherent
35 1 runt these ic~usiri, i.cw'c t hit thca iltat Ii nc "I, uh sfh niidhil technique, and (c) output with coherent technique (Wu. Yu. to be

reduced v ith il Ahic it c-lig hl-procicinpi gIcc tciuc I lic dchlii d published 11)

limage cibtairtd V4th t ic C11CCiheen techintitu diI.ipc 14) he sli.ii pci
than the oci obtainied %%il i ii w s tc-ItIgll lcctlim~iic ttctaiic ofi (tic
high spatirit ciihercrice ofi the lighlt siiiile flccci tile tih.iiak glaptic ilniigcoii a iioitl "optic'," is li'iili II h tat (1 hlckichiiirred
canr he ii\c:cit it inc usc% it smaller \t tiitc-igt omcc iCI c colior iiiiagc ,th~iiiicc Wi ilt filc X01hIC-1tgIII IccititiqiuIc iII sini Fg
pinhotel and .i hrcad-speccral-hand ctiirtinp ilto tiv iilite 5(h). StriCti\ spc~ikinlg. ii ianl-shapCdt LChltirringi:ilict ii\ci Ihiceculire

Schaped itIli is undci IilcstigatIofI lI1tCNstioiil

Since t lhie i tic-ligttt till t ci: cinlaIns iii \. siNI~ i%%.I% cictigl (is cl t le 4. 140O R P11 INAG SUBTRACT ~~ ~ ION

ring '-I ct s it-.i a sit icirecti ciilir phtiifiigl lt iiic int atc iell11 Alciltici ii1lictiiig aippl icaiiu loll cit oial phliliaptic ililigc pro-
plane P, tit t tie-ligtit iiccisiii tit Ilig I At tic Npatili Irciticit- CCssNltl IN iiiiage it~ci iii v )iixgc itiactiicnl illux hi: tit s.iiii: In
Ci platne Pi,, tIkci se~ts itt Itiret Npekl are snlicticci Ini taithboi Inli\ .ipplicaliiiiis"Iuch Is iihaii deCscicpitienl. ligttniJ\ Planning.
colors It coliir Image dctllurring, %c plaice threc priaiir color (I c., carlth ieiiuiccs sluduics, ierciuul'senliiL. inct eorcclig% .1itcIumIII1c slur-

red, green. and blue) narro\%-spectral-hand dehiuuriig tuttets in tile \Cilianic. iispclucn. etc. Optical linage siihtiactiitn i aiso hbe
.1pptop-ri.Ite Iii n litie 1wSpiata lticiiwi pi.iiic SiniceI ith i itit .111lii 10(0IIIIIIIuiiiiic,iiii)i As ai mvIIcI, 411 It% ,1tcii clifissi

b tmiied liages Ilti vacti ill (ii ilela iciloriltiici ime itiuiall\ Ill k-Ndililtic. it nciiilct ic llcCcssai\ lii iiil unk ftc ile01cilinces
Incohterett lite: oillil ittIage tiiiaiaitee %III) he hct cccii llais III s11Lcssusc ci ci. 1,10il iiI file t ii diCcliigi: in

v. Ii k \kIt

* lt.>t A~fgl~i~ A 011 gIC.1AgI ()ttiII-uii!i S)rItti)CIS b Ciii)i~tCN Miii)IAluliuil iit~iii ili
dcsciuhtil h\ tho lt t-i it1 ' I tctctiqu lsci xsicsicicud

g(~.y:A11iI I .(21 I ug fie if thu (i mlule k(,littile\ dulliaticiuicri ('itlcills till .1 lchuitu
plate andil ie siuhscqiucti icprctdiicuitu it life citnposiute hlicgrail

it here A A icI% the ni r ri ivNped rai hanrd ift IIhe tichfirrrig tillter liiiages IA % lei (.,I( Lac Il ir oiric , kci aI cet ida i ipi

ghi . ;AIrithc:dcbiurrcit iige. aiid At, Ag, atid Ab aicllc lcii glcce", I iiic stiic ictt~i I-lcliliic., lilt\iil~ iit f eal-tunicL ilaigi aniit
and blue primnary ciilcrit tsel:lgI Its.peiiil rct-nicii hlpllm Imauuage (.411 hc Niliti eite *\iloiuigli

I or anr c~pcrimnrtal iliustiatlin. at llucai-snicaiccl coilir pilt- giiiid iiIgc Niitltiil hi theiu C\p)ci illtlls kissu ICtcti, it

Ifi li I
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%klhcled is the S~IMiig tir I 1 diis., isi i i l k idth. aid N is tie t"I'iI gialltll 11. 1~ii. i1WC :.i I.' I c h% %luc,.ci rl l i l

Ckihterw .1,, sills pki l ,l I epl i,I spIi~jl h\ l a il i kcc I, I~ii iC III I Ii I .11.11'11 hil% I'lii 1,1 I .itli-i 111i. 3tdp i .kt iil , ,i f.it

1tfl h ,le liidiil.i ill 111c' : i, lii> h'i . hI<IC1. b!.e 2I~~c.,I,

7N lsti,Iis .I Is l dI ii~i C I I I I s I ' ' I~ I p1 C 1:. .i 1 1 1 ic 1. L III A .5 lti

d

a high degie cc i liit-pIII Ac..heieCiil L .11 ti c esi 11 ii' Ck I li~ 110 1)M %Ill .II.oiil..0

%%II l j S~ itI e I l IgIC I III %C. Itle I lllcli t il t I 1, p c ill ut I 1 Ld I iii be

1fLr 1eSed Ns told Ini litte[ its the SIAIIICc CiiodkilIILe rI II0II ides I. SPA(C I-V 116 %V1 PRIIO( I-ISSIMN(M 01 110,11 O(I H116I11I1C
ethicient uitii~inii Ii the tivhl sourLe 1\I \(;[.IK!s

Inou ~pliuild d ltoisrdil a fiiihsil llid'h %ki (h 25 pill 111 ilie II L'% I LNSCCIitills l e hC 11,1\ C isseI d 4ii $ t! Ie Nr.ise- It% f rItun
spacing and 2 S ill %%idth %%INs .ddlptLedI ltir k1w Ic s.ile II.idliW I Ilw [i -qi p lll , pllogI'yprhic lees!C Ill Ihcf Ci.1 e1u I
likiht SOUrce %%ads .i ci..d\ arc imlp \%lil .1 peen lilici I ilic -(I) lnudgev Pi-nt t h1 pi,ssL-sd is A,ulcld hI Ilic amc11 pille'
010\4lS 1M0 nudgetv tldnspaiencics as Iniput tohiecls I iguIl 'I hi shils 1clanillii I~ esn iep ~~b
[tic suhtideled illidoc )hlainied s kih lii iiiciicivi L ehfilk!IIC1 Iii 0 iu 1 .111t sw'ILh~ op lv IeI II.[ .id dill I"
C0rl1parlsill. \hca.ik pro)\ide Ike suhitr..1d trujce .hliujiid ssitt the 11L lejlfI'tue P'~p I'.l I"wCsing
co)herent lchitlitue J S11' oiu iil I IL! 'I.. I 1.1111 this: culs c Cce

that the one ,htained %.111 I'li inicihiew it chiqLil ,'lci, hellel

ill.Ige qul.ihil\ ;Ilii less at I lilisl liu1lse

I inalI, %kc \%m.iildisissli tic-a [ti mIlcnliiiw Ina\ tie estvIih.

edl" I ikile rig1t Pl..eessilii. leLIIIiiiic .11i jril 111 li'

uiider Aad\ t" iimcsl ite (lit,

5. NONLI INIEAR PHO( 11.SSIM( 0M 111110 1 Mit %11'i11111

tiperatiiill I ticie aire. Iise C Ic ii w,~le aia.iilc 1- 1 iiliini.il

PrUIcssili )pcill ii, '' (hIc sutil .i 'i''. oll

11l1i,1 li 11h111C ii sl'.tcIlr 11 M X Ill, 1i Il.Is bk-t. 11 l s I. Ilt 1, 1I)IIIILd

ltei i ii eit SNiig 'silg 0IPI)~ I llsh1 s11ihsvs %ki 111 1i - -'1i sit "ItI lla Ei(

ttic'i0 eti .l~l ec jul I ( i i ' ii.l ,giid I" l ~ i llis C I win I- Ki' . ji)

lniqile th silidl resliiii' olIi1iou,\iti lii'eiiiitdh

c Ikt Sti nei pilic .1sllg a te llll Ihll cii ls 1 w ii un .;, I . iii(-'

Ina. ahr nd ~ i.I A \PltiMiauI ii 11,111 C he II t ILi liicliilie 111W

litarwicessi ii \ka .1" 1thiltlcd iIt\I Ilili ' .111 6" IdIpl ni '.ilh %%I l i lli

\% c hig lIulIc muh CfiiutililiiitihlsiP I'm i it I ..IsI, 111I C sii Ihi Ch111.1 II It 1

jIruuiii t ue ih l in tt tiistI M ilii i IS.' l~i I i jicut.11

ltid In CI 11191 bh g1110' .1)11 1111 eIt lil-I vn Irn ..... ruuio Pow, fttuouutt IliJl~ugi jh

P loud1il. IC iit t1.1 itl ilc is It I - dihlli.h I'miii~ 111 1..lui 0(l 1iu~iuc 19t311'

I
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is telatisels Ivcnt In I45 hUttloii' proposed a1 Pciliil iilpliil c~li pio~c~toi inust hic used I htese filnis should he protected in
space-sal jant pIkitSS1ilg conCeplt. aiitlogouls to the I 0UiCie- ptc l unison so that lte plritars colo'r Imiages 'A ll] he precisely
trnsfomi techntiqule. In tlt s ti N01CI tCt igetifoncti0ons I he tech- iccoided )ii a trcsh loll of Color flm lliiskeser. this technique has
tiqiie Is' htoseset ol onl% theortilcal iniciest. since it is not nlolkn (%%') 111,110 disdadsiit.iges (1 i te storage %olurne fr eachi film is

bhym t) titid thle set tot cirgeitt10inS *\tcipts had beein inadcle b itipled aind (2) tile iepiodUction sssteni is iathier cldhorate and
11CmI, .\itin1oi. a11d I CC Ill optical NpdLC-\.i l'*~l 114C'ip tiiig e)iisisc
11i-tri \ Mltiplication Ioecluae eilsvectpre i hi tit tlit, cciion. ~ c A ill descrihe a" hdite-liglit pr ocessing technique
paiper InI a lecci .iricle. l11een. '.Iialkup. an ll.iglcill reported at till .icisml sloijg it color films.I isl eCCiiiiqIC llli he the mnost
sp~kC-%dIill 13eii ,4'i i)og soiioii h1.ol.iiii I hle iiiosi gy.ipliic' effiLIetit eIIiiieisigtdi I his% lechniLIUe also allo, s direct
esaInple 01 spJc'.. \ljilltpoeslgi h eneii lialiiisoli iiition Ssiigcaipahilit\ and tIna\ he suitahle liii lihri .iapplicaitions
b\ El rgd.ihl.' %%il ho used a ctirtipitCf-gen(Iie~td t11o1oL'iani tot tile I he usec of moochtimne tianspaiecricis to retriese color 1images
()petitioni NliCitiOii ititist .ls0 he malde (1t NIaschulk's %%oi k.' using 'ukas Ilst epoited b\ l'es lin 1900. tie introduced a slide %ieycr that
the computei technique ol spacc-\ariant iiiiage restoirition b\ coot- pioduIced tiiloi iindges b\ a diftractioni phenomenon 6ratings ol
dinate t ranstot tition either dilteient spatial frequencies oit a/iithal orientation were

e\ \ttill lit)\ descibe a basic concept to1 aclies optical space- Used More ictcnt I., ile~dsrbdasiia ehiu mls
sarilit11 processing sitnillir ito that ot holioinophic piocesilig illus- :nlg ti icolot gild screenl fr image encoding. lIn decoding. he used
trated lin thepres bujscsction A genetal space-sait 'iissteII iia\ he thie ~isnuncridi soure,, for color itmage rettiesal Since
descibed h.\ a block diagraiin. ats sto%n ii i I i& I h. I hie input- then. siitilair %%oirk onl Color image rctries~il has been reported by

___________________________________________________________ Nacski'(ii 'osson and Kinans, anid Yu ' l
like desci hefi lie rclinique"': fll spatial] encoding the color

ilt, I iitiioii nom a single color Itmage onto a single blaick aiid viite
IM 1' (I ine I lis is done by putting a color filter. a Roncbi grating.
tile color tHatle. and thle utnexpuised 11W finm together. and c\posing.

A tIi ple e'.posiuie is, iiade onio the 11W Itut, changing the color filter
_____________(red. gleenl. and hlue I and the angulaii position titlte Ronchi grating

~~ 7t l-oi 'inple. tile first expoisure is made through at red filter with
- the gi itilig it) 0 I lit. second cxposuie is, made tlttough a blue flter

L . %% 101 111 ssiththeluin or ietited b\ 0l " and( tlit- last exposure takes place
-tl -trOligh a1 Vieri ti1ter \A [ilite grating at 120" If the three recordings

arc piopetl h tcoided oin the phiotographic filnt. then %%e hase a
11. itiilt iplexed. spattals encoded, black and v, bite trjnspaienc\.

Fig. Otokdmaramtspao-vriatproessr~shwinnomectaureIt \%C place tile spaitiaill encoded lratisparcnc\ at the input plane
P1 t I, .4 lil-liphl piccssor sliosi tin Fig. 1. hut v\itliout the

outpuit relation mna\ he described tiiaction gi allg (,I, l thic differerit orders oftht Image spectra are
liitcmir dispersed li i airihu colors\%silh respect to the a cx'.and a".

, d\es I It hespatialti equenc\ of the grating p,, is assumed sufticietitly
gl'sh 1f .x 'II ).~ 14fd\ (2)) hig,. ithen tfie oidefs of fthe sineared color image are phisically

Iio i cii cxclie color imiage, %%e allosk three, first-order. smeared

%ihereh ~~ 'isthc spaice-%ar itt ipi s sp nt Need csI..to t~ Pssi- tti hItroug gi a ret. I ut ile, antd atgreen color
sa~ ii 'I esc be .i a ooiziiitcdifci- liitei. slhim i 1-ie. 12. IHlin tltre ituall\ itieofteeti ar

ence. i c.. hj\ X.% -% s). then [the s tcltl is spaitt--unarialt fl coloi 111igt-sC "~ill h-suptimlpo t'! at output plane hits. ste sethat
exaniple. a technique tit optical space-% tlawilt prottssing nla h* a niultieciloi Imiage is reproidiuced b\ thle s lutc-light processing
accomplIishled h% lie hilock d iagrami of I ig I II hI lit ot her xi ord te it itqli
si hetmes r at spa c-sartant process cail be decomtposed ats tin Fig. 1- gre ll(a) shos i .t ret ries ed color imiage obtaitned sithb this

I IN h. it may he performed by lie tiecessxi geo lttic iratforini- teehiiiiu le. iit ist, e spcelt. eim e uised onii red ith green color
torts.I[lie geonmetric tratisforin isgrial caini be pi oktss-i h a space-
itis ariarit piticesor aid tlieii the reqUlied l\itiscsd gCelnitw il i aitS-
lt ttt.it ltn pl tot itttd t torder

I tt a o ti I iccelit it Iit It ( %isiiatlid I'salls Iiis sl1 viosi\ it t1.u coIut ine (it ed
geoiittic Cans~irtti~m al tsoi lic .1i4: lpiih~shed hs miitciims of .1 ' cl r utn
tio1111i licaheim s' .ir111ri111c1 ic %%Iliuli %%ilts tde ic .11 . ii 4f1 ,Il reud filter

cal light salse AIt hough t his itmct hod sat IIIices Itheic a pi ii ccss- .

ing capabii\. it cant process in near iecil-tiii. Althomigh ititetest itn Ix

space-s\ ar ilit pr'cessing of phot ogra phIic ittages isI aid ' r Isrcent tit i
%iesi ui tisl interest. brither prilgiess Can he ec-cctd ii Itittire . $ -

research, tp.

*7. .- R(III1VAI.%IOR WEiANI 110111 -IIIAN( ENIIKIIl bond
,Arebtsal stiriut-lih colmr lirns hatuis bem n htt-i it tmtcsolst-il pimihlit . green filter
1.41 liltil imimh1%icsmi. I Iic 114.614il it.s oi s thu 1%11 . 44( il4 I~ isil ill

4:aIises ai gradlial color la1dingy Althougth tlmte aire secviali:lii
techitiiq ilt plestli tug Ilite colot iiu.l .1ml I1 1hit1t1 htilsts cel
laiin deltnule dirAsbacks. W%'it onitti tle ittost cminnuioI uusedl Itch-/

ttiiic. tat l tpeltis aplmati.tui.Ipiiiiay 4414i iltrs.i~it ciibloe fillc r
prvserse the colo4r ittiges lit three separate rolls ol black attd "titt-
film Io repimudurce the coluor itnage. at ssstett %i It three Pt uttar\. Fig. 12. Color imago retrieval spatial filter (Yu. 1 9802)

111g-1II I ruitit1i114, I 4.4, a.t Ii 'plit / v'. .dui i I / ii



YU. HOHNLR

Fig 14. Pseudoculor encode~dx-ray imnage (Chao, Zhuang, Yu. 198060).

Fig 113 Color ImagCeS recorde~d by nuiultiploex technique, o.n 13i filly) 18s)
Original image and 1b) retrieved image (Yu, 1980'') (Icl d li inch d~'iiittiticlal ,itIll Ii ii0lC tt'CCIIt .IFI-

all t'\ltiieipitci l 111 t iijI~t oliiec I Ile ptipoxcd te!Chniqule

A\n clkicril'.iii ii thle iho,, %t hitt'-iiei tecliitt cdii he us.ed to wepoi ,:ieul h,. NIIIpit .\% ite'iicht iiiitiiiiiatiom ri ehiich tii rt intro-
res.tore or ciihamnic tile color, fit failedl c ii I ii'' I ing id 'Idihllid uliiteli di %v 1111V-li0e11tI'i Ile '.Iitchniqtue eiicokdit tuit ilare dlNi'.t

Coe. n rsi ica procsso '0 limte IKNmn' '01)1 N- (.0 1 Ii;j NoR lo Il \% III~ II(L I)Nk Mi ii iil'. 010 111;iC till OLIt L- urn AII~l Colo frc'ii t itr

lot lli Alollo kol l IIIII h\ I~tll.11ol Il oli'l pciii1 lii'lt' iip ii11 .1 Il~ ii If,\ a nc I 1r' .iy'il (iii ow illiicu'i fled ah

iii:i~uitii~ti itt'Iiii~it i'.the 'mecal'lniice him diital itige- teii11 1 ii'.ti m L ji titi .1N)C -\ ~Ieii ill uie 11ihm1011e Niiiil I ll tain dell-

8.'huia. S! i i' .t 1 titimdimee OF Pii'iih'r in I')t it tim t Itu 1 the it\t ',i tl h'tiu\ Iht.iil d c l e olii.ed a l c it 1,1 )1it 11ih
.mp~~~~~~H~~~iiimuii~~~~]fl mtcmm(hi~iig i iuii m% lt 'hmici ta i l Imt i''il i iiiiqiii 1,lti', L a "iiii ititt'iilit. i iii'' iitw ile

Ilnc NI A ppii Gulm '.ptSm oel'r liieiuiciikii) iimitii ih e light11 plmute.1vcy \%f'til i. m l m I lt ' .. \%fillt~' tt''iigm m ilet



26
OPTICAL PROCESSING OF PHOTOGHAPIIIC IMAGES

that Is. essential lor practical aipplicaItions llowCcFci the tetiniqtie Ini litc. of thec llcsiiblft. of dilgital Image processing. optical

still sutter% tite major drawback it is, not at cal-tunec pscudocoloi- ittlet, totci Ilw adsaItagcs lol grcaltl capacits. situplicits and

encoding technique. In ai more recent article Ni u described a ec lolet i o stl " Ilistcd III cotifltng cachi other. %ke call expect a

niqileol teal-limec slitc-light pseudocoloi encoding In detisitw anid InI giai.lFcgl iteotia n iia ehous I hcontinued
spalual tretquciic IIF'CLtIIFIFICFFI .11 otpiical-divital IFF1eF laCes and1 Iniput de iLcs will lead

We w~ill III-%% describe a techi1iqile oh CMIitraSI ICsei~al eltli"lg IlF l a IF o11tl It 111 IF tlrid tipIlks1LdIVItal PtoCCSiig Itehiques.

Igra', lesel photogiaphic images Weasm htleiiseii F5L~ ~ Itlic Fe ticitgii ,I hoth proccssliii± Ltpraiioins
iage tianspadrenicieso the1 sanle object ate as aadblc, antd %%ce let thel

encoding,. take ,fa.ce tla I rlisilittg pi liin h% 5tclctFittLU

recording ol thle negat lite and thle posit I\ eImiage II alisparcilies \iwi th '" "' '

Ronchi grating in two angular posititws F-or examiple, the lirst Fe- 1 I 1, it) .. li I,., \F 1))1 I !Noith-ttoIild, \nistcrdarn

cording is exposed with the negati', e Iraiisparenc\% at II. and thIe F1 IF 10F9- 1I

second recording is miade wsith the positF\c t ransparenciI at at 90 2 P I Lhas. 1) 1, (loes 1) / Rohiii, I.] I Opt Soc .,\ni 42. 127 11952)
Ii we place the spatiaIIk encoded irallsparencs at tile inpu~t plant: 11 1 ha,.I 1 4 p1~ SoC Ain 41. 229 (19541i

IDIof a %iclgtpticsstIr Ini I-g1 1.110 the dii l101 4 (1 1. Id.1 it I FI. . J Oipt S01.1w-Ill 41. 497 F 19551~ )hii~ltht g I h~t Iho~t dllictitl S I I irill. [I([1 I1.111, I11101111 1 tleU'. 11-2. 56l (195t.1
grating, the smeared Fotier spectra are diperlsed till thle 15 pical 1.I ( INcitl. "t FimiFFIFiicdIIio nd 11InIiaiFFFAspect IIt wilildefiOptics.

rainbow color,, in the Fourier plane. V_. ( Ictic.11 I IirIC:t (..npanl5.1 cI F"iotms I i1tFito.r Sw racusc. \ Y' 1962
In pseudocolor encodtng. \we liltei t hii. st-tlidei smeaied spec- 'I I Culionla. I N I clth. C J Val.i~eno. I J. lorcellot. 11( I ran%

fll lIcot IF Il-t,. 3N( 1196(1
tra through green and i ed color filtis. t espectls cis . aild Ithe Fmlart: I N. I i11h. .1 1 patilck,. .1 Opt Slic -\IFF 52. t112104621
irradiance at the output plane P, %%ill he 9 iw5.ilndcri tigi11 1I 1 1 ran%, Itollin I tieor\ Il-I]o. 1319 41

ii l5, (OI,iFtfia. /F/Ituoi.toii F l .I.Irteropi (411 Mclrai, til). Nct4 York

I I lx AI -< 0iti IIlnat. (i/i il Ihaia Pro, tltFiF1 .1 \% ilc\ . %cV. Yorlk. ( 1970).
12 I Is N 'I hItri, iFl. to) 1.i)Flra.to 111 ~ItiFUFF.rio Pro, v% sawi and1

where I and I are the i,'rev'i toor mPgte ,and rtr d,Io t,0111 lfAI crap I . %ill I'lCs5. ( bridge. Mlass . F I971)
img In Vt3 , I ( allc%.. (wi/ l l Infrton F. TI I s.in and Holovi 1,I,1rahi/F. Wik'. -

img rradianees. Ihle otput Image~ Is the super pi-Ni~ti III at greenF IFFcrI...CICC. Neil SNIrk. 11974)
negatilse image with a red posittise Iitge. I hoit a broad rantge III 14. -\ 5lIndcF Flgl. Ill I Plot: 62. I13(111 119741

psecudocolor dtilslt\ itilages canl he obtalined hi thle \.1 lte-light pio- IS K HiOFFIIc\. I Iplical 5c.ia 21, 351 19'4)

cessi ng tech n ique. I hie select iont iii coli tFtllets is atllimF lI Ilitat is. II ( (I H.CI'\FIt I Ioi% )/JohIn. ,Fit.3 1 wildt e~w . %%s York.

for different color filtei, tite stilild otadin ktitcietl sl1.des ofl 17 1 \ I I cih.11itimck,. J~ Op S 1C 5i 57. 97 5 1te,7)

pseudocolor-coded tImages. IN1 I N I cdIl. It .1 ( i,Fing. AppI OptF 12. 1957 (1971)

In experimental demonst ratio \%1 c shlossw a pwe idtciilo r-encoded 19 .1 I 1 HinctF. -51)1 O pt 13. 2244 u19'4 F

x-ray- picture, a-, in I-ig 14. We see that a hroad ran~ge of pseuldocoltirs 2)) (' I I \ppl.Ils OPp t pIjl 5F 517 I 91.51
21,.S I IIIA iIFIFal. IV ( ioas.I cll) 1 tAri,,altto / V'6( ot ilefrt'i I, .,1 Hlog-

can he obtaitied hi, this tchnlticl. tlnl t lie cololi citilciniage appila II s Fahatd ti.a P ... .r. ,it: , R1 \k cciF. I YI~imcI .Ctts . l'Ilti Prcss
Itree I roni tilict tit aLIet, noise kill c "tilF[d alsto iltlt Iflat, Illt pseudot- (19171
coloring. mutlt icolor Ilters% can he Flllpletllentcd ii Ilie F ou rIer Spec- 22. A I ohniaFJF. -'ipti Op( 16, 21NI (19711

tral hands. F-or example. it) obtain at different shade of pseuldo- 23 I1 N I eIll. .1 Roth11. .-ApI., Opt. It. 2565 11 7 )

color, one may, insert at hlue filter tin bltie region) \Aith a green filter (in 24.~I 1 .1 1/l 1, N/, It OptJI~ 319.u IFst7,IC 23dpic *i9a

green regitn) in) the %;ttle iierspct aiil band .I fill's IFI il tat ratige ofI I Iawe 'h C L, SI C st,:c.Id I .p.tihla I )c O ptic.. klIitilI. Spain
color combinatioins call he thihl ed his pscdotcli FF 197K I

technique. 26 1 1 'Nitl. \pp1 
Op1FF 17. 3571 I 197811

27. .1 l~I sFFiCFi.r. 11,1II OpIF, lwo l 2. Niil-Itlnil.Silserdain

9. CONCLUD1ING REMNARKS 2h, 6 iwi Stroke. II 6 /cch. I'll'.. I Cit 25A. 89(19071

We a~ rcic%,e fle asc pinipl,,of olciet nd nchernt 29 A5 III I ohlFmlFFI. 1) P' Palls. '\ppl OptF 7. 651 1 196H11
We hse es wedthebasc ptiiipls u etlieell ~itd ilclliien 10F .1 1 olmdFIii I Htonda. I I ilki\, Ii (toiikinil 1. 379 1 9711

optical processing techtiq ~ues. We hit\ c slihioilIlh th t th the ctoherenlt 31 J1 I 11,111 C 1 O(pt Soc. AnIi 59. 5S3 (146Y).

and incoherent optical prolcessing Operationsa lie able ito he anial\ /ed 32 J1 I fit), llCi .-\ppl, Opt 9. 16,71197o1.
with linear swisteni thelc r. AIt hought coiherent oti cal p rocessintg 33 1. 1 S N ilt . m l,

1 
nd ICoiFFUF 1,1 let'oIrI. WIIc'- Iflteisclefle. NeCV.

hllse~~~~~~~~ been seItrlts ltle51k F 197o1 pF 164
techniques hcbentedhtstorwcall% o ioto tipticail intor- 14 9t %1 V,u (I I I14ogris Appi O(pt 19, 4h9 (1911))
matton processing toperatiiini. tile coetentt prttccssliig s"sleiFII Is IS S I /IIFmi). 1 11 (Iliui. 1 1. S. Yui. ((pt. I cit 6. 1012 1191111
plagued 'Aili arttfact titise wh Iich treqiteti Ilitnls its Pt ticeitIllg !(tI 1 11, NiF. N I ./hFFatlg. 1 11 Chatit. '(ttlm~ Phlototgraiphic Iage
capabilityInwehisaPepesitiw ii that' thte .iie selll 111o I I I I lI!-I I I FIF/FIg Ir\VIIII c -I g;11III 'tC s I II I I vc III Iii t C. tt I h c 1111IN 1li! if

Iiicile this pliptr.cl ofMile .1 1 (itiFCS %'loc. ctik ltai~i. loisn

light stitree Silce wiiteigitc ttititsalteii~I~sl ti.Ft I'll IN 116146s)(l'.

additionthe white-ttght stitrce is generall\ IL.,IN X1etis1IC anld thIe Ici1.1719.l
system stahi litiI is not ats cri1ticl as w it lit coherent p rocessi. 13 . 174(1971t-1 NIF~IFil 1 nan.H.. lnpsii pp.Ot

We hasedcrbdbilytebscctiptIlltt dedbrrig 401 S II I cc. S Is .Il. G.(. NI ltlies. .1 Opt Site A\II 611, 110371(1970).
image subtract ioit, noinea icr pricesslig. splice-s a ianlt pi i csin g. 41 S 11 1 cc. I IFht/I 0 A1 of 14ma i l. I o 1,.rapt I II Caulf1)11ield. ed.

color image t etricia aind citilanteitet aind~ psetilottltor etcodltig J\I' Ill. e.11. hc- Nik, I .4197 .

We stress tihat tile optical processitig tiet.tttiti. cithl coliettilt 11t 44 1 it. I I S i. "Itmage Sitiblia~ctltin %i tli I iwotled Istendcd
incoherett. is prttiaril. based oil fil I ouh~t let liratistti iii plilivities ut III ItIveivill ct iie. I., hr pilt1ilII I \tIl OIp

parameter nitilte anid lacks, thle Itesiiuluty of t adigital etlitptlci I ti111 ttwtt.oI ( lilts, N I ( 1964).
46 11 I I imiFtap. A5 \V I Iltllitiii. \1,11 O pt 4. IltM 1401'.

*Neventhieless. Ilicie: still lilt pi cessa fliv) ietu tits. .t It.'',itt All. IitIt \%1 1 IN I Siilk.., S 11 1 ct, I ( IIt St, \SilItII . Sti IN 14 7-it

base\ Itlustiaited. wich cali lie it-Iliew.ett kih anat~log ophiltl Iti IKIS itt IICF It ' Op),h SI ialit. I it sittettlm i~li. , ~t I I I 1t 1264

niques. part ictilarly %ith phlttgiapht tIltaves Suite spata 11i siilii 41 11,11 WI... 1.Ap li1.II(9S
iolt is vety uilpuutatit III pholigriic ittiage y. tie ics', trend tt. 50 N -N *'. ti'.,hIk. S RI D),sliil. (ijil (Itlin~iin I5. 77) 1971,t
white-light prolcessing clii be ex pected it topeti new doinsii' ii tilti; it I C -slil .111. pt GIIIIIittiIS. 6(,11197s1
photogratphic processing 52 Ilk ill 1\% ..... Iatllii. I (Chm. ApltI ()fit I 1. 2 I'4 (1971NI

(it- i F I I F I I tP i ~..~tt It i I F.., FullI I V, 1 . 4ill,
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51 it K,. I tu. J. W 6 .. down,. Not.. Re%. Opt 7. 2K5. 1970.) a h'tctorc'r or the I.e trical tlnginicering l)eparttent at tilt L'n~il.y
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st, A fai, 1. ('heng. 1: 1. S Y'U. App. Opt w6 2559 (1977).ElcralndCmueEgieig
57 .1. 1) Miwhaclo. A A Sa...chtik. Ili..c SI'I I 21h, Sh (19hi)) 1111 oil it'e /atilt i .'1 tin ~crclad('nptrFsiuei
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Source encoding for image subtraction

S.T1. %Vni* .and r. T. S. Non

Opi A I mag qe ,.itrt -iin w i oit ciipex amoe li, i~eiIs tide whe r t i-o jiI t grat Iinnsi is I v-ethed ii'I l e iri nt
4 a e iedi viols isiar t.~ mtied th an a flivt d ago Ahrn u1 reliv et ir I lit' sijb ai t i- .'oirdate S~r ~ vsten, tif '.ald

Th e hniqtieae i vail ble i ghs t' power 1,rt the o pr t- ,w a i i. it it i. il inIt ,lit-rctoi s ) Xtiit is it re k iti requiredt ia tl
tir experimenta diffract i o tte il i , lii iool tic fis irt vlate h 2' /(X i s gi t he A iilariti lle ithf at 0h t '
ate .a u tesuieq t rejiertit utI(t i I I lied tor Ili isie adtnlt'I r's'l slx I'. 1

)+fj

Otclimages.btacto ewiast rome apitude. whr tf he (if) X 2)at ion arethetwinuit plit'tt x rans-
4 was scribed y hol or lotic moure sthatni t decnde xtare tntits iaififdllt ~te s(f ,ad

with which a real-time image and at previoutsly recortded
hologrami image canl he subltractedl. Alt hugh Brornlev KI,(x2 X:,I = exI1) i27 - 2
vctai. atc hieved gooi ii ia ge s tihi ra t i oniIii I. teir e'x p'r I- X
ment s it appears t hat thfe illL M t i nat ionii It r t lie hiolo grami is the transminittantce f inct tin buit wten plan es P. - a iitl P,

image rectonst ruct ion mtist hle arranged carefully. Ili X is thle wav'tVIVegt h iltthe light SilUrce. anfl~ is thle h it-al
a more recent papter, Lee lot al.:' proposedl a net hod lenigth (it flit' transf'or n t,,1.
wherehy image stilitrac' tin and addition t-a? also he, 111115 the tnff al ctiherentce titictio ji ffturnediate')y

achieved by at tiflrat'tiin-gratiiig technique. Th i., after thle (litIrat ion grat ing (o wit It a spatial perioid ('
technique involves the inisertioin if' a diff'ract ion grating (\f02/If. tail he Sho wn to ble
in the spatial-frequency domain ci' the co~herenit toptical Mf:i : 1 CXI hoi 1 X) 27r-~ J

However, most if the image' subt raction illtechniqties4

require acoherent source. Stic-hsouirce(siiitrli(ltit'e co- ( IIt
herent artif'act noise which limiits their proc'essing wlexep i iijit$v ex Pt' t i H ')l f'f'ra't X,;) in:rain
capabilities. Ini previous papers0't we hlave prt~ptisett hr einrdI i cfoi fh dlrcinga n

co~herenit point souirce. HoIiwever, it smnall incohereint dWe (. th/t 1I1 cope ttllrIiadifxtlIion at'siit* grating.soturce is difficult ttI ob~tainl in practice. Nevertheless, shoul li that or t Thpex iage adli io 'sn'gaIg
this dlifficulty catl Ile removedt with tie source-Cilcointg plane P., i illag intellsitv atl Itl output
techniqtue that is discussed in this Letter. lilC s

Optical imagem stahlrcttion withI the diffraictiiin- grating fX )) Wd~t X0('X i ~ A~ X'tX XJCtecfiqlte delopediitt fby tLt' v/ a/, is liasicaily a line- xX) 4'~f 1 I

dlimtensionial piroce'ssinig tiperat ion. lInstead lof using a
potint stillrce oif' lighlt, on h ;it us ist ine t sonirce perp i'll-

'i crrespiiudiiig ifilage Iuhitis to, be siltracictit Le.t us uOslfle~ 1,ts. (2) and 0~) inito Eq. 1-1) ;?Ill
strictly broatd spatial-cohert' me requirtemenit is ilo t itit tegrat it ove r t lit' sp at ial -freqc I tity Ida nt'. Coniide trinog

neeed.This i isposibl tot'cd tl'i ln'd oiiily tit', imfagi Irilis airounid~ Ihei origin (ift Ili out thui

co'tliet'i't'iitt forIh itl' .il t 1111'l 114 ti'l

nI ev lta lii Ii 1  Iii) spt' Sf1' coheenc flit'rmen fir 42t11 is.1 -itli~ iii

Atxl V':I) If A i(. Al A . 2,X )I(1 .,)/ Io tit hilttisit 'v oif' I It'( stiIli rait't'i I iigt' itltl I lIt' st't)Iiiil
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where tpu(2hj0 )j is the degree 4)1spatial c-oherence. Itf the
degree of coherent il2ho)1 is high, i.e., ii'p(2ho) A PPLIED
then Eq. (5) reduces to O PT IC S

I,,-x - Ih~.0--O.x4[-, u-,(.-h,,) - L. (6) O T C
Thus we see that sp~atial coherenc~e is required for .. .

every pairofsubtracted image points. ,notherwords,. P .
only a point-pair spatial--coh.ereitc requirement I P2(x"PP E
- X'' I - or I x - - X'21 =2h,, is needed for thle sub.
tracti.,n operation. I

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

S Nx ) - ri Fig. 2. Image subtraction. (a), (h) Input object tranpar-
X 1)( encies, (c) subtracted image obtained with incoherent tech-

nique, (d) subtracted image obtained with coherent tech-
a multiple-slit source, where N is the number of encoded fiiqu.
slits, s is t lie slit width, and d is I he spacing between slits
of the ent-odiog mask. We note that d is also the s)atiil
period of the grating (. At the input plane Vb, the slit width s was 2.5,um, the spacing between slits was 25
spatial coherence function can beshown,- pm, and the overall size of the mask, which contained

sin Nlr x 2-x'A, about 100 slits, was about 2.5mm X 2.5 mm. The focal
h, J lengths ,,f the transfirn lenses were 300 mm. A liquid

P2(X2 - X') = gate, which contained the two object transparencies of
N-sin X2 X size 6 mm X 8 mm was inserted immediately behind the

si / ]c( ill ioawtr. A si fhsi idn I phase grating witll a period of
s ( 25 pin was used in the spatial-frequency plane P:j. The

X sine r d-I (x 2 -- x'2, (8) eparation between the Iwo input images to P2 was 1:3.2
I dho -mm.

where d = X/ho. From this equation we see that the In our experiments, a set of binary images as shown
last sine factor is identical with the single-slit case, in Figs. 2(a) and 2() was used as input objects. Figure
which represents a broad spread .f'coherence over (x.2  2(c) shows the subtracted image obtained with this
- x'.-). However, t!,e first factor, for large values of N, source-encoding technique. For comparison the sub-

converges to a sequence of narrow pulses. The locations tracted image obtained with the conventional coherent
of the pulses (i.e., the penks) occur at every x = X2 - X'2 processing technique is shown in Fig. 2(d). As can be
= n X[/d which yields a spatial-coherence discrimina- seen, we obtained better artifact-noise suppression by
tion of iC.Xf/d) over the input plane P2., Thus the using the incoherent technique, which results in a better
multislit source encoding not only provides the point- sobtracted image.
pair coLfrence needed for image subtract ion hut also We have introduced a source-enco ding technique for
provides a higher available light power for the operation. image subtraction. We stress that the concept of source
In other words, the multislit encoding utilizes the light encoding may be extendled to other information pro-
source more effectively so that the inherent difficulty cessing operations. We also note that image subtrac-
of acquiring a small incoherent source can be re- tion with the encoded extended incoherent-source
moved, technique is generally simple, versatile, and economical

In our experiment a mercury-arc lamp with a green to operate. It may offer a wide range of practical ap-
filter was used as an extended incoherent source. A plications. In addition, the technique is also capable
multislit mask was used to encode the light source. The of operatl ing int a real-time mode.
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Image subtraction with an encoded extended
incoherent source

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

A technique of encoding an extended incoherent source for inage subtraction is presented. The source en-
ci(ding is obt ained front the coherence requirement for image subtraction operatimnl Since the c,.herence
requirement is a point pair concept for image subtraction the encoding can take place by spatial sampling
an extended incoherent source with narrow slit apertures. The basic advantage of the source encoding is
to int rease the available light poiwer for the processing operation, so that the inherent difficult if obftaining
a very small incoherlrt source can be alleviated. Experimental result, obtained " it h this encoded incoher-
ent source are given. ('mnparisis with the result., obtained hy processing technique are also provided.

I. Introduction insertion of a diffraction grating in the spatial frequency
One most interesting and important application of domain of the coherent optical processor. Gotd results

optical informatiot processing must be image sub- by the diffraction grating technique were also reported
traction. The applications may be of value in urban in their article. In a more recent article, Zhao, et al.
development, earth resource studies, meteorology, also proposed a technique of inmage subtraction utilizing
highway planning, land use, inspection, automatic a halftone screen method. Huowever, their technique
tracking and surveillance, etc. Optical image sub- cannot be iinplemented in real time.
traction may also apply to electrical and video corn- There are several other techniques available for image
munications as a means of bandwidth compression. subtraction which can be found in a review paper by
For example, it is only necessary to transmit the dif- Ebersole. However, most of the optical information
ferences between the coide words or images in successive processing techniques require a coherent source to carry
cycles rather than the whole code word or the entire out the subtraction operation. But coherent optical
image in each cycle (e.g., TV). processing systems are plagued with coherent artifact

In 1965, optical image synthesis by complex ampli- noise, which freqttently limits their processing capa-
tude subtraction was first described by Gabor et al. I bilities.
The technique involves successive recordings of two or We have in previous papers. 7 proposed a technique
more complex diffraction patterns on a holographic of optical processing with an incoherent source for
plate and the subsequent reprtduction of the composite complex signal detection and image deblurring.8 ,' We

hologram images. A few years later, Bromley et al. 2 have also extended the technique for possible applica-
described a holographic Fourier subtraction technique, tion to image subtraction.t". However, to obtain a
for which a real-time image and a previously recorded spatial coherence requirement for subtraction operation
hologram image can he subtracted. Although good a very small source size is needed, but a small incoherent
image subtraction by their experiments had been re- source is difficult to obtain in practice. Nevertheless,
ported, it appears that the illmination for the hologram this difficulty may be alleviated with a source encoding
image reconstruction must be arranged carefully. In (i.e., spatial sampling) technique, so that the extended
1970, Lee et al.:' proposed a technique sor that image incoherent source can be used. We have briefly dis-
suhtraction and addition can also he achieved Iby a dif- cussed in a recent contnunication that image sttbtrac-
fraction grating technique. This technique involves tion ('an indeed obtain with an encoded extendedsoil ru'. t2,li Th I )s5ic oibj'cti ve' if sitnrce e~nc din~g is to,

utilize the light power more effectively so that image
sbtl ract ion cat he carried out wit h ait extended inco-

' The autlhirs re Wit i Pe'linvlt'alnia Staltae I Iniversity, Electrical elntn s ittrce. Moireover, with it e u t ;an incoherent

oEngioverin Dopartotii I liivir.il Park. I'iui.i.lvania Hi)2. soturce, ctlitrett artifact Itoist' (an le avoidetd . W t.

Itet'vised , Manhi 1!18 1. stress I|hat Ihis iliage stttra(lion syst(ti is capable of
1XXKI 6t93.5,'/241 2 17$005./111/t ,,Il'raling in Ihe real-lit nttlde, and it is genterallv

t'. 1951 tiptiiil S.-y ,f Aiiaii i, . ~Siltp, 'ei sat ilh, and eCollitnivill.
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Front this equat ion we see that equal spacing slits can
Ie. uised so that a hrightr tringe patiern can le oh-
served. We nule that the intensity of the frin ;e pattern
Increases Iinvarly as Ihe ni iiler of slits increases. Thus
oil one hand the source encoding preserves the coher-I ~ence requ irenmentI, and (i tIhe ither hand( it increases theI - _... o erall intensitv oI ilinnination. 'l'T erefore, with fi-

iNCtE~E~ri '- _propriate source elict tding. al extended source may he
5SC- CE Q P eifticiently utilized.

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

.P' evaluating the spat ial coherence requirement for image
2 dsubtraction operation. With reference to the incoher-

ent optical processor of Fig. 2, we see that tie 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-I) operation, we

Basically, the optical image subtraction is a 1-!) will adopt a 1-1) notation for our analysis.
processing operation. Instead of utilizinga poi)l soirce 'I evaluating the spatial coherence requirement, we

of light, a line source of light can be used for the slit)- use partially coherent imaging theory. ,14 The mutual
traction operation. Since the spatial coherence re- coherence function at the spatial frequency plane P;1
quirement for subtraction operation is a point-pair is
concept, a strictly coherence requirement is not needed.
In other words, it is possible to encode al extended in- M:(X.Ifx . ifix 0K ,p_,.x.
coherent source to obtain a point -pair coherence re-
quirenent for image subtract ion operation. x K'. kxx .,dx dx 2, 141

II. Young's Experiment with Extended Source where the integration is over the input plane P,; x,,, x. .
x:i, and x: are the position coordinates of P, and 1' ,

We will now illustrate the concept of Young's exper- resl)ectively, i,(x.,x-1 is the complex coherence function
iment for the source encoding. Let us consider first a rtsthe input p .x x is te nput functin t ion

tit tile input plane P._,; fix.,) is tile input fuinction at P.2,,
narrow slit of light source S I situated in plane P1 to Fig. Which can be vXpressed as
1. To maintain at high degree of spatial coherence be-
tween apertures Q 1 and Q2, the source SI should lie very f(x1 = (x 2 - h) + (tx2 + hi.
narrow. In other words, if the separation between the where Ot(x2) and O(x2) are the two input object
two open apertures is larger, the narrower incoherent transparencies and
source S, is required. It can be shown that, to maintain
a high degree of' coherence, the slit size can be approx- Kek.,, exp 12 7, 1
treated by"-" xf

S -"Vh/(tl R, (1 is the transmittance function between planes P, and P:k,
X is the wavelength olf the light source, and f is the focal

where R is the distance between planes P1 and P2.
We now consider two narrow slits of light sources SM

and S 2, as shown in Fig. 1. If the separation d'between Me"c Ac L0,iD

tie two sources S1 and S., satisfies tie relation

rw -t re - (r, - r2 ) + nA , (2) - ,,

where the r's are the distances from sources Si and S-2. / Lo,

to thei open apertures (Ql and ( as shown in lt figtire, I "
me is ail arhil rary integer, and A is ite wavelenglih of' the--"

light moilrc', it iullerfkreu'e lriigtH (hlil, to coii, Hlit I'
source are in-lhased, 10nd( a brighter fringe pal fern can ",

be observed at plane I':I. With the application of" E. P q.
(2), we can employ many narrow slit sources since we
wish to obtain a coherent fringe pattern ti. the outLiUt
l)lane P:I. We note that tile separations between ilItV P
titlthe two slit souir'es s hol n . isf'y fiht. friige (i.e., .

spatial coherence) condition of Eq. (2). If the separn-
Iill 1( h1l11Wi-4-l1 JJ1hlli 4 P ,l 11111 P ill i tll -,l' iI.. /I > ' l/. 111111,.}_

1? >> Vilt, lIhe coherent cindil ion (it' E q. (2) l coines Fig. 2. imatge .ititrntIln wit h It i itltoticf d i 'xi l itotlhitrtton
1-ii11 v: , till-1t 11r% tlhi tit

,  
11,t[k 1u1iliidil 111i1l,; 0 1i 1111dI 0 ) ohl .
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length of tlie transforn lens I.- EquationM () can also IV. Source Encoding I
be written We will now search a source encoding so that point-

. pair spatial colerence can he established. We will
dJ . A' )1x - 1,, + 4).,x, + h"1l adopt tile concel)t of Young's experiment that we de-

scribed in a previous sect ion. Now we insert a mask
t ransparenc v for t he source encoding at the front focal

x it 12 - I.)he P ItI tle collimator l., as shown in Fig. 2. The
\ X - spatial coherent function u(x 2 ,x.1 over tile input plane

where superscript denotes hlie complex conjugate. '- can he written I I
It is clear that tile muttual coherence function im- (S.Aj)KjtA,xjKjixbx)d. (141

mediately behind the diffraction granting G, with a
spacing period d = 1,\f)/hj1 , is where S(x I) is the intensity transmittance function of

ho tile niask. and K lx .1,x,) is the transmittance function
e.x 12 7,, 1 x. exi) -,"-' x., between planes 1 ', and I'-,. We assume that tile mask

is located wit hin an isoplanat ic patch, and K 1(x ,x'e) canl

xH(-i21r 3 - i2x L x , h,, \ ,8) be written ):'

K 1 ( ,x1 ) =e xpi 2 r - + .+ .,-xl u151
where we ignore the dc term of the diffraction grating. i f
The image intensity at the output Plane 14 is where ((x) is the wave aberration of the collimator, and

' b is tile distance )etween the collimator and the input
IIA4) (s X.I,X ) ex 1) i2w x4jdxijdx:, 19) plane P,.

We note that if b is sufficiently small, i.e., (b/lfx
where the integration is over the spatial frequency << x 2, the transmittance function ofEq. (15) can reduce
p~lane, and x. is the output sp~atial coordinate system. to

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

tX4l ~f M1x 2.x.)jOtt(x2 - h)) + 0.X.-. + hulIj;Utx, - h,) + O',(x2 + ho)l

Si5tX2 + x 4 + h1h(xi., + x4 + h)) + MS4x. + X4 - ho)6(xI: + X4 - /10)

- hSx. + r4 + hoS(x, + xA - h4 ) -(')(X' + x 4 - h1)h(x'2 + X4 + h ,,)ldx.2dx.. I IM

where ki(x) is the )irac (lelta function. Let us assume
that u(x 2,x2) takes the form i(x., - x.,) and p(x) =

A*(-x). If we evaluate Eq. (1t) terinwise and note that KxI .x,) exp) 2r - + (tX 2) •16)

the input images are spatially limnitedl, we have I

I(x 4) = p ( -)l)x)ltX4)I2 + i- 2(-x411 - (t2h)()1t-x4 )0'* (-X 4 ) By substituting Eq. (16) into Eq. (14), the spatial co-

-p* r2h,,)0)f-1(_X 4)(_X4) + 5(1)j(-x 4 - 2h,01 2 herence function becomes

+ 10-4(-v 1- 2h,,I1, 1II) I..) = eXI)1ljxA2) - (x2)l

where M(2hco) = 1(2ho)1 exp(i(h) is a complex quantity. x j s(X, exi)pi2ir L. (.2 - X2)ldx,. (17)
We stress that phase factor 0 can le avoided by ad- I X I
justing the grating position G. From the above equation we see that the spatial co-

We now consider only the image terms around the herence function is the Fourier transform of the mask
origin of the output plane P4, transmittance function modulated by a phase (wave

)t-X4) = lu(2hdI 1(tx 4) - _(tx4)l
2  aberration) factor. However, the phase aberration will

+ It - 1y(2h ,)lll,(x.)l 2 + 10.,-.,)lJ. for ,p * . not affect hlie degree of mutual coherence I P(x 2,x,) I. In
112) the remaining analysis, we shall ignore the phase aher-

ration and assume that P(X2,X.,) takes the f'orm p(x 2 -
From Fq. (12) we see that the first term is propor- x.,).

tional to the intensity of the subtracted image, and the Now we evaltate the degree of coherence IM(2h0 )1 for
second terin is 1)roportion aIl to tie sum lof tie image ir- two different cases. We will first evaluate a single-slit
radiances, where Ig(2h0 5) is the degree of spatial co- encoding, i.e.,
herence. If the degree of coherence Ipu(2h ) j is high, i.e.,
u(2h0 ) me 1, Eq. (12) reduces to Stx,)= red (xs), 118).

I,(-x. 1) 01 (x,) - O.(. ". I,r lu12h,)l I. 11:1) where s is lhe slit width. By sulls ituting Eq. (18) into

"i w t s ee I hoI t hi' I )i t o i i -ri-i i ii' is I i Ii i v E . (17 ), w u' h a v e

for every pair of points Ix2 -. ,1 = 2h 0 . in other words, A1,. - x2) = slncx2 - x,), t19)
, only a point pair spatial coherence is requnired for ,

sui ratfhoili op)l'rntifon. where Ilit Iase flaclr was ignored. Sicet't Ihe slacing
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Table I. Spatial Cohor~ae Requremen for Single-Slit Mask____

sId 1/2 I 1, 1() 1,20

2hi . i

period of t he grat ing ;,d = t,\ )/h1 , it we let x .- . =

2h,, = (2/\),A. Eq. 1119) cana be writt en

pl2/,d = in, (2w ;
'thus we see tihat t he degree ,f.a spat;i: coherence
j.Ai2h,, I depends Uljotn Iihe ratio (at the slit width.s it the -x

spacing d. 7h

To gain a feeling of magnitude, we providl several
values of w.a h,,l in Tablle I, froin which %,t c it .see that
a high degree of at ial ctchere nce Cilil t t li leid lllv
through it very narro w slit. Ftor examnple. it the ,cill g Fig ('3. renue fult ht ta ,Iiained wiitl multislii source enlc(o(ding,

of tile grating d = 25 gun, 1t o achieve a high degree of na s d = 1 I.

spati al ciherence a slit width s _< 2.5 pinl sho uld bet ised.
Thus it makes the sallrce itl weak itar ;i r;a-tital p;roa-
cessing opjeration. weighed hv a broader shic factor, as shown in Fig. 3. It

As noted in the previtaus section, the spatial coherence can lie sho'lwn that the width of the pulses is inverselN

requirement for image sub)traction is a point -pair propo rti nll to the no iber of slits N. 'l'Tus the miul-
problem. It is possib'teltllcodethe extendled sotirce ii,-litl salre tniliaaiig Iaol onily piroviles i )oinl pair

with N ltiilaer l iliarraw slits. Thus with i ioiltltislil colierence requirement for inige subtraction hut also
source encoding, an N-f old light power ca lie used for a higher available light power for the operation. In
the inage subtraction operation. other words, the iiitltislit encoding utilizes the light

We will now let the intensity transmittance tf' the source morte eticiently, sto that the inherent difficultv
encoding mask be of acquiring a sniall incoherent source caln he alle-

*' ft -"<"d/ viated.
Six ) re't -- - 121!

heesihltwt V. Temporal Coherence Requirement
slits. h, aml is t ht ;plting between So fIar we have considered only the quasi-mono-

l suhistituting .(21) into 17), chromatic light, but t lit effect ofthe temporal coherence
coherence function qecotes has not )een discussed. Since the scale of Fourier

spectrum varies with wavelength, there is a temporal
Sif( d'ar coherence requirement for every processing operation.
si-n N . , Wilh this consideration, we must limit the temporal

N sinx d'x V bandwidti AX of the source so that the dispersed Fou-
rier spectra will not spread beyond the allowable limit.
In the image suht ractiion operation, we should limit thewhere x = X2z - X. From the above equation we see sp~ectrum spreadt within a \ry small fraction of the

that the last sinc factor is identical to the single-slit case rt spa wit ins r f
of Eq. (19), which represents a [)road spread of coher- grating spacing d, i.e..

ence over x. However, the first factor for large values 1p,,,/.I,\27rl << d, t241
of N converges to a sequence of narrow pulses. The where p, is the highest angular spatial frequency of the
locations of the pulses (i.e., the peaks) occur at every x i o

input objects. [ is the ftocal letlgth of the transform tlns,
S. -xn (,V/d'). Thtus this faator yields the fine nd A,\ is tile spatial bandwidth of the source.

spatial coherence discrimination at every point-pair rherefore, the tenlataruil handwidth ot the source should
separate(] at distance (0f/d') over the inpunt plane P 2. ae limited la the toallaing isequalis:

If we let the spacing of d' equal tile spacing d of the " "

diffraction grating G (i.e., d' d), the spatial cioherence X 2-7

of Eq. (22) becomes ,- ,

x wherv is i hi'al, ia a r w iviagt h l thl ligrht source, and
-in N . 1 h, is le stlparai iotn ill the inllut imiages.
-(x) , (231 'l gain I 'ract i l leeling, we let ial = 6.6 mn, X

,.l6 1 aind take ai tacthr tat it ttlEq. (25). The iteporal
/iandwidt h ret iir'iiIl s AN for v'ri aus values of slat ial

where we substitute d - (Xf/iaa. Froam Eq. (2:1), we see 'requielacies Ilaa are t alulated in Table Ii. We see that,
that a sequence of narrow pulses occurs at x = ., - xr if the spatial frequency laf the input objects is low, a

/lhl, where n is aln integer, and their peak value, are laroder tempoaral llalndwidlh of the light source cat lie

I I l llIaa a a I Va) ;'0, IJaa i; / AI'I'I lI II l;: 4a1)aa

lilt,



Table It. Temporal Coherence Requirements For oil r fiard demionst rat ion, A v provide tVwo clint i n-
p,, ~ WI - no 11101 toneli imiages its inpuit oielct transparencies as

2a ___ shown in Figs. 4(a )and It)). liv comparing these two
AX\'Aj 10 '14: t It!, -I (IS figures, we see t hat if lqidl gate %%;a-, wit hdtrawn fromt thle

-- ~~~~~optical hreniiIh in IFig. -$1 Y. Fgr tisosteh
tracteil imrigv olitiond with thi.k incoherent processing
techniquie. while Fig. tidl)i j oblointcd with the coherent

used. fin other words, the higher the spatial frequency p~rocessing Ilchniquv. Fro nt t li result obtai ned with
of fihe input objects. the narrower the temporal hand- the jncolivit tchiquie, a profile of a uihtraicted liquid
width required. We assumied that Al the leases are galtecan bo seeni. VWlalefnoin the resuitIobtained with
achronm~~ ic. Ihe ci holera-nt t i. hniqui, t he sulit raicted imiage is severely

damaged hY the coherent artifaut noise. Thus we see
VI. Experimental Results that the inucohierent tech nique offIers at bet ter image

In our experiments, a mercury arc lamip with a green qualitY and co ntains vi rt uallY no cohierent artifact
filter wvas used as an ext ended incoherent source. A noise.
ititltislit niask was tisedl to encode thle light source. The Alt hough at liquid gate was used in the experiment,
slit width s was 2.5 pm., the spacing of slits W' was 25 pil, however, the phase fluctuation created by the density
and the overall suze f the miask was -2.5 X 2.5 imm12, fluctuation iii the photographic filmn cannot he CoIn-
which contained -to) slits. The focal length of the pletel\ cilmapensated. As ('havel and Lowent hall'_
transform lenses was 3W~ mil. A liquid gate containing have shown, incohlerent proicessing can indeed suppress
two ohject transparencies of -6 X 8_1111n1 size was in- the phase noise effectively, which c-an be seen n )m Fig.
serteti immnediately hehind the collimator. A sinusoidal 4(c).
phase grating withi a spacing period of 25 pmn was used For our second demonstration, we again provide two
in the spatial frequency plane 113~ of Fig. 2. The sepa- continuous tone idijects of a p~arking lot as inp~ut object
ration between the two input imiages ito P., was 13.2 mim. tranparencies, as shown in Figs. 5(a) and It)). Fromn
We evaluated the coherence area at the input plane P, these two input object transparencies, we see that a dark

as-i x7 n 2  W ieta h chreae s gray sin; ll l);ssigengc car in a pa rking lo t as shiown inl Fig.
rather smlall and thle spacing of the dlitfractio~n grating 5(a) is missing in Fig. 50)li. Figure 5tct is the result of
shiold he accuratelk matched with the spacing oif thle a subt ractedr imiage obtained fromt the incoherent iniage

I I
slts uhrcto tcniu Ls ecrbd nthspae.SI

ta) (C)

vi ( I "111 n tt 11q
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Fig. 5. Im~age ubltaraction1 parking lot: U0, (b) input ob)jet Itranspir.I, ts: 1 I ,,iittractud Iitap- ildianed % ith an incoherenit te, hnique.

this figure, the profile of the missing passenger car c-an image sub~traction operation. If the spatial frequency
readily hie seen at thle output. imiage plane P4. It is also re-qtiremient for filhe image subtraction is high, a higher
interesting to note that the parking line onl the right side temperal coherence (i.e., a narrower spectral width) of'
of the missing passenger carit and thle shadow~ can clearlY the light soturce is reqtuired.
he see~n in the subtracted imiage of' Fig. 5(c). Ini experimiental demonstrations, we have shown both

the results obtained with the incoherent p~rocessing and
VI1. Summary coherent p)rocessing techniques. By comparing these

We have introduced a source encoding technique for results, we conclude that the incoherent processing
image subtraction. The source encoded ftunct ion was technique offers a better artifact noise suppression and
evaluated from a specific coherence requirement for better image quality.
image subtraction opera!;-n. Since the image still- Finally, we also stress that the incoherent image
tracti i. is a point-pair probilem. and] thle processing is subtract ion technique is generally very simple, versatile.
essent ially at 1 -1) operation, it is poss5ible to obtainedl a and economical to operate. It may otter a widle range
required coherence function by encodling an extended oif p~ractical appIlicat ions. In addition, the technique is
source with a set of' narrow slits. lIn other words, the sl also capable of operating in) a real-time miode.
width. thle spacing (of thle slits, and the number of slits
determine the spatial coherence requirement. The authors wish to acknowledge H. Shoemaker,..

The basic advantage of the source encoding is to in- 11. Monkowski, and their students of thle Solid State
crease the available light. power for the processing op- L aboratory for their assistance inl prprn the en-
(ration, so that the inherent (lif'ficlty of acquiring a coding" masks. Ninn thanks go to S. L. Z/huang tor his
v'y small incoherenit source can Iev alleviated. Wec II alo ml commn lent s anl d suggest ions. 'l'lwauthors also
st ress t hat t lie concept of'source elico(I ing may h e ex- wvisht to ack nowledge I lie- suppilort by thle I11.8. A ir Force
It -itileIi'i t r i otJlor iI iI imciiro ifrmt ifiIIir r111 'f-f&c io rit Isi o )fii of S ic 16 !;(;1 c gt'oal rmit AISo If Xl H1 0HX.
eral it ins. S. , '. WV ti a-,i v isit I Img scholar t roim I the Shan lg hati InI

Aside fromi t he spat ial cohierence reqiireonti, there si i tohII of opt ics & Vi ne NI ecma n ics, Academ liia Si nica.
is, ltow i " 1 a tI'111?4-1 alI (of ic' I ( .II I i iiticiit to1 It lic I hilla.
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SECTION V

Source Encoding for Partially Coherent Processing
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Source Encoding for Partially Cohierent
Optical Processing

F2. I'. S. Yu. S. L. /huanllg". andl S. I. Vs 11

I lect rica II Lui ieriug I )cpar Imlent. Ihle !1erinstlIva n ii Stt I al[IiNo s iINAII I inesit I Park.
PA 16802, 1 SA

Recei% ed 1ll September 19851 Accepied 19 i 1,bc 1

Abstratct. A relation betsseen spatial cohlerence funiton and S0111cc: Cllcodiig ilitetismt
transmittance function is presenlted. SInIce thle spatia coherce-C Is dcp)clIdIng uIpon the
informat ion processing operation it asinctly broad spatial Coherence Iticlion mIla\ not be
reLlired for the p"rocessing. I hie aldsntalgc of thle SOurIce ClnCOding i. it) rela\ hle conlstraints

J ~~of strict cohleicoce icliruei.so that tihe ptfi siI operationl Canl b cail I wd out \\ [Ili an
extended incoherlent source. liuphlasis ofl the source encoding-, mid e\xperimental1 de-
nionstrations are gkii. Ilie cistraint ofteniperal Coherence reqLIiiciLt1 is asodiSLsScd

VACS: 42.30,. 42.0

TI luse of Cohde rent light e na hies iiPt icai process ing s LI ree en c~ d inig intensity trallilmtttance fun' I.I01
systemis to calr ot mIany% sophisticated information Since the Npatial t11cerence Iretp ill iIiii Is depenldline
processing operations 11. 21. I loweser. Cohierenit opti- u1ponl the utortn-11ition processing operanotll J 1110i
CA prllccsshIiu sy stemns itre CollIntmi it ed s% ith cohierent rIkl\d ColIICidic funictionli may he use.d f ki aSpeelCC1
artifact noise. which frequiently limits their processing proessinle opterationl. B\ -otirier transfoIrOinneit tis
Capabilities. Recently,. alitetup'ts of tisiliC ati incoheeent Colielelict: utilon,. at solice eciik:dIII% Ilii lit linls-
source to carryN out Comiiplex itiflbria i loll processing Iliii c ai e ntll ion ,1 ia e rouniid.
operations hald been pursued 1by se\eral iii'estigators lhe p-oLipils Of stilI-eecc iodiiie is tot reduce: tile
[3 61. The basic limitatioins of using incoherent source Coherent requliremienlt. so thatl anl etended Incohlereint
for partially Coherent procesing ts tilie cx tel dcd souLirce souLirce Calli be uised 1i0r tile process inig. InI iiiliet "olds
su/e. ho aci eve at broad Spatial Coherenlce IL1L ict iol i t( tile siourice enicoding techiqu N i , capable of geiie rat ilitz
lieC iiPiI p I plieOf aLill oltiCal in fo rmatLion processor. a na 1r ill i~~)'Iateco CIIiI i'teefu t ioul for at s pC i fic in fOlI sewry small souIrce si ie is requLired. II owe ve-r. suich it a lmat ion processing opera tion an d at tile sai me (itle it

smlli light souLrc is diffictilt to obtainl ill practice. WVe Lit li/cs thle as ailable light posser iiiorc effkctkiel. .\

havse, nieverthleless. shown iii receit puihied papers shall illuLst rate exaim ples that Coimplex inl fo01iiiM tin0i1
17 101 that there arc infiiriatioii processing Lper- processing opieration Cain actuall lie carried ouit byI an
ait iluIS Wich Ca ii be Carried ouLt %% ti inliohderent eiicoded extci ided inicohiereiit 50 Li ree. I per il iintil
sou~rce. Ini ot her words, at strictly broad coherenlce ill stid tiolls \60t1I this souirce ec~loingi technlitie aire
requiremenit may inot be needed fur sonic opt call also iIIC1Ltided.
in forma t ioni processing oIperatIioins.
Ini !his pa per. we shall descr-ibe a linear tl aI isformiii ioIHLIIiI iit liIimI(nwclL
reClatioilsislp lietweell spatial colielceiee Imiletioti andiire IClilglk Saillolrtc

Wk-,' shall k-tI1-111 l isiissiiiii withl tile iN (11111s ceshiril-

** ~ ~ ~ ~ ~ 11CI S ~~~ iiSi1i'ii ~i it . nxictd ioieil iiLul soe1killilie (lll

Mvttsi .Aj,,ivima Si sw.., I him iltiiiilall a hiiph uegrec ofl spiltial coliciciice betweenl

0721-7269) 82 M127 0099) S01.20
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large. i.., R t,. d and R >. 2hi, thein thle spacing d!
bet ixeej ile so11ce slis Ibecomles.

INOI(RN 2; ho Frmtlwocilsrain % see that by piI~iiiNf

SOURCE &ZS r; - thle spatial coherence 11CtAXII (), aid 0, andh at theI same time it increases thle intenlsit\ of illumination.
R -I hus, with a specific source encoding technique for a

given iiilOraatioii processing operation may result at
better utili/atioii of an extended sourc.
lo enlcode anl e\tended source, \%e %\ouid first search

I- ~ Y~u g\e~ criii~niiii i i~iii~d~ouccitt1111lidiio itoa spatial cohierence fu netion for an Information

proessing operation. With referene to anl extended
.on0111'" Opt icalI pitccsso r of I-i g. 2. tie spat ial colherecethe slits 0, and 0 . at P_, it is knowxn that thle soiure f'io at input plane P., can beh rtesi/e should be very narrow. If' thle separation betwen - ewi e 1

Q, and Q2 is large. then at narrosxr slit si/C ,I- 1I ') 1 l,) x.\J isl \2d\ . 04)
required. Thuis, to maintain a high degree of spatial "hr h neito smrtl Oic ln ,Sx
coherence betwveenl Q and Q2. thle slit "x idth should be weeteiteia o sO rtesuc ln 1

I is thle iluensit\ transmittance function of aI source
enicodinge itiaik. ,iid Ktx.4, is thie transiiittiice

iv < Rfunction bcetxen source P'lane 1), the input plane P',
2h~j x\ h cl canl he xx itten

\% here R is thle distance between plianes I', and P', anid
2/i,, as thle separation betxxecu Q, "iid Q2 1 l:T 11. I Af
L et us limi conisider tx%o ularr,,xx slits if1 St and S,
located inl source plane P,~ We assume that the By substituting K 1 x.,;into (4), \%e have
separation betxeeii S, and S, satisfied thle lbl1lowiiig /" ,)e 2rx X ')6path length relation: t 4 ljsR.jpi7r,x, h

r,- r, = (r -r,) 4- il., (21 From thle ahox e equation, we see that thle spatial

where (lie r's are tlie res peeltive d is anices fro m Si andl coIIC er fui'Mictiloul a ii sontel-e Citcodi iig in te us i t
S,* to Q, and Q- it s shown inl thle figure. ,in as anl transmittance function forms a Fourier transform pair
ar~bitrary integer, and . is the wavelength of tile ( ~~-*\f 7)
extended source. T hen the interference fringies due to- -

each of the two source slits SI aid S, \%oi md be inl and
pihase. A brighter fringe pat ten i calli be seen atl phline (x- I [s
1)3* To further increase the intensity of tilie fringe V- x-, X,) 18I)

puttenil, one wkould siminphly increase tile in in hber of' wvhere idcii ites tile I on rier t ra nsfo rmiat ion 0per-
source slits inl a ppro priatec locations ill tilie sourice phi iie at io ii. If at spatial coherence fu netion fo r a ii in lbr-

Psuch that every separation betweeii slits satisfied the Ilation processing operation is provided. (lhen tile
coherence or frini ge cond it ion of 12). If scpa rat ii Ri is sir te CIClci nlig iii t eiisi ty t ra nsm itt anice function ic ail

i~c 0~ 1141 0Ls



S o u rc e hi co d in g fo r P.rl dia v C o ie o i ( ptit:A l iot ces~ g 4 2 
o

be det erm ined th ro ugh Fourier t ra nsfor matlion of (7). I d hic1I SokL pco lid I cq IU10Il

We note that thle source encoding function SIXII calln -I.i
consist of apertures ill slits ofl ally shape. We fuirther I , "I I ic 111 l I 2 N

note that in) practice S(xd should be aI positivc. real -

funiction %which sattisfies thle followini2psil al-
able condlition g cl/ ; A2N j104 2 21 8 54f, ii M

For example, if at spatial cohierence function for an object is, 211, 5 rum. the wavelength of the light source
infomaton pocesingopeatio isis ,.: 5461 A. and we take a factor 1t) for (111 for
infomaton pocesin opeatin ~considerat ion. that is

Fix, -. v* rect{2j'} 10) 11A 14
2 A;. 114

where Al is anl arbitrary positive constant. and Several values of' spectral width requirement .1;. for

retx I = $1. IxI < . various spatial frequecyI\ P, atre tabutlat Ied inl
ree ( 10, otherwise., bitble 1.

then thle source encoding intensity transmittance From -fable L. we see that, if the spatial frequency of

would e thle inpt Object transparency is low. at broader spectral
width of light source can he used. lIn other words, if

S~x 1 stnc.. tfllf Spi ja liicyJCC is reqJuited for anl informtai ion
Si 1 =sil (A * rcessi ng operation i. thlen at na rr' wei spectral w idthI

Since SIX,) is a bipolar function, therefore it is. no of ltiht source is needed.

physically realizable. Exm leso Source E~ncoding

Tempral oheenceRvlircmntVe shall now ilustrate examples of source encodinig
Ie~iiorii (ohreiie Re 1uirnwntfor part illy e( icren t processing oiperatlions. We would

There is, however, aI tetmporal coherence requirement first conisider the correlation detection operationI
for incoherent source. lIn optical information process- [121.
ii g operation, thle scale of thle Fouinricr s pectr i umi var ies Iii correla ti111 detectii., t(lie spatial coherence rcq uire-
with waveleiigth of' thle light source. Iheirefore. at ment is determnijed b the size of tile detecting object
temporal coherence requirement should bie iniposed onl (i.e., signall). To insure at phy sicall\ realizable encoded
every processing operation. If we restrict thle Fourier source tranlsmlittanIce fuiIiction., we asslume at spatial
spectra, due to wavelength spreadl, wviti iit small coherence funict ion over the input plane 1), is
fractioni of the fringe spacing d of at complex spatial
filter (e.g., deblurring filter). thieni we hai.e. Il, i xIX 2IS j 2

<d, (12) 7ts

where I 'd is the highest Spatial freqtuency of tile filter, where .1, is at first-order Bessell function of first kinid,
P,. is thle angulatr spatial frequency limit of' tile iniput and Ii,, is tile size ofithe detectiiig signal. A sketch of the
object tra nspareiicy, f is t he ftocal I engtl Iil il Iheia ns- Spai co hereni ce its at funict ion of' Ix, -- xI is s hown illi
form lens, and A;). is the spectral bandwidth of the light Fig. 3a. BY takinIg thle Fourier transform of (I5). we
source. The spectral width or the temporal coherence obtaintile l~low~itig sorc enoigiiest rI
requirement of thle light source is, therefore, mit kc ftiireincdigtineniiii. s

A)(113) Ixil

whIe Ie) is thfe cceInteVr wa vl I.. Il 'd4,i 11 fi osotuIr v whi-t. iv I I /I. v. lit- 1  i t-i ill a1 1 ni11.11 .itwi itg,

IN lilt- ,I/c ill lilt olijilt th r ick i ilsp.iielky. mtill as shitwin ii hi-J 3ta,
2h9,, (;- 0/d.

ti Intrier-1 to galirt sollty ft vhittg ofit1giitde i ik civ1 l ~
a ftuitical examtple. I.Cetits asstiiiie that thei size oflfthe cir vi. t tew ise,



1012 1 1 t 1

r j( xz - 4I X2 (x2 X; ] ,.i .it tx; -)

0 ~ X2 0 X ~ ~ h'

Six.) S(x,) S

Sl . sUICe Icitdlin traInsi11iiinc: la) I m 011C- I

Id' lion d locctionl. 11) foir smea',red mIIiag dst'iur tig. aiid( Id

M b C10 1110g.. Sin clto

' is thle focal length of thle collimating lens and Ais the requirement .depending upon the corresponding
wavelength of the extended source. As at niumerical point-pair of the imiages, thus a 'strictl) broad 'spatial

example, we assume that thle signal size is If,, 5 titm, coherence fivict ion is not required. Inl other words, if
the wavelength is ;.= 5461 A, focal length i's one canl -itmita in the spatial coherence between thle

I=3(X) mm, then the diameter wi of the source encod- corrcspovding, imiage points to be subtracted, then the

U(x 2 xI)sic apetur S l be 17i where pill is theler maintepartion ofeillcl tk lc l the tiput
We fow cnsidr smaredimag dehurrig [ objac transpaThreie itae oftlii ng~' at pstiie

whear dx iste sering length.- A) pstch o er (17d isC inegr andweilote tat saia d. Fquation functrior
shion ind thig. erseiltaing he ouier pollbrmn Againtits a sequene of narrowll pulses whic '.ocur at
(p7),cesn oancp stc ta t' 21 oprto is~l whereg ecdn rl-li ise ae pould intter aontheir

paeo l i peakrin lengts 4r weihte byure abet spatder sineic factorol as [0

~ ~ ' Spatia ie herence tsernc .eun-nn iat idatod t e\ r pont-ai
wher te w = (fav)!) tes)is thofe l wid obte sce h'wIt th w nu bettanprnis 'tkn

obtai t phyicall oterwizae followingdig f soitrecdnlitn3trasutac

Fior, wel tie lsraticornc ifntsmin legthll isu BA

~~gl~ogii l~l)( 11111 sir 'siiiuullei. ip sill, J\ o, . uitlw'l'sit IIuli-

I-(ur third ilustion 11 te th image where 2h, is the ni sepairation of tetp til e oj's two tui.te

whr I) is he s mIemarmin lt. spatalchittc waoent (17 isi .te oa egh ltecl
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ltialor I -1 (tt nn. i tile spatciite d ewe the~

d 2. or about I S im If thle sue of thle ctlc tit2 nmsk s-

2 inn11 squarle. thenl tile lititlilb of Nl1s \ is ahl"(ti 122
'I hus, w e see Ihat %Aitli tile ,Ititcc cliitt littd it I 15possible a
Io Incerease tile itteti ty of tile iluinatitton N told. and
ill thle santle timle it Iinilils thle potttt-patr, spi Il
co Iit: rte e rqI-IIIre Ilc I It- Ir tIii, 1ccL suhi riclit'l O P [T IC S
opeatti

b
I i 4i si ItPh lona~m:Im ged bluttjng it j 'oitck~,c i t

d,: 11,: IC 1( (l npu htm d ohjc. and Oidl irc

Inl this section. we Aould illust rate mo ss0c\.Iiples s

obtaitned front I he sou rce e til in g t C1,liii t tie. I lie fi rst C onclusin
experimental Illtustrationii Ili th cstilt obtattcd lor %ch~ lic tFuirtasomrltosi

simared ~ sno pogrh ic Ig Iitl. r.in %% l pert-),ck hieticen hie spatial coheretice function and the source

mientit aXenion arc lamp "~ithit agreenl Iterference fil1ter ndtgltttsitanttnefuco.Sncth
wals Used as extciRide inicoherentt sourc A sittie slit cohelc ic q urein ent is depen dingil UPOtII the nature of'

mask of about IIXW pmn \%as used its it source encoding, it spectfit ittlorniatioitl processitig operationi. it Strict-

ma~sk. I hie sied red lenut ofi thle b-sitredi t11im wa hodchrnesq~r~lII liy10 e1CII(
abou mm.t) pratctice. I lie hasic ads antage of' tile source encoding2

F-igure 5 shows an ti eperimnittal result obtained from teLltiit o Al.5 10 tlcstt thle constratnts of' the strict

image snubt ract iont o peratitn itt s i enecoded i ncohieren~ t 1 iic cIC req iircni it im posed uponl thle optical ittfo r -

source. lin this experimentt, it niercitr) arc limih p iih it Ilitl Procossil ' sstei. so that the into rmlati
greein filter "ias used as an extenided incohierenit source. processing call bie carried out 55 ith enicoded extenided
A mult islit mask wats used to eticodlc tilie lighlt source. itcohierenit source. [hle Utse of iticohieretit source to

The slit widith it is 2.5 pmn and tile spacinge betwseeni slits carry oi fite optical processinig operationi has tile
wit 25 im. The overall si/C of' t11C source encodinig advanitage of suppressinig the cohierenit artifact ntoise.

inask wis about 2.5 x 2.5 mmi2. The mai~sk cotan ] i additioni. t'i inLohlerenlt pr-ocessilig SVStetIi is usuail-
about 1(K) slits. ly simiple and ecotnomical to operate. F-inally,. we would

Fromn these experimenital results, we see thai~t tile stesIa [istreelcdn teilquIli\b

colst ra itt of striictly broad spatial coherence reqiiic- ex tendtied it) \\5 litc-I ight optical processintig 0 pe raitiol Ji

ment may be illeviated wvithi source encodinig tech- program is cuirrenitly under in vest igatIioni.
iliques so tht it allows tlie optical tihcrlitioit Pro-
cessinig operat ott cit hi e catrried out \%it i extenided hA.hqitWe mtd iih ctttteti tile 'ppi tt tI[le I
incohle ret tsource. n I- c(Mlcc oliei Seic Research I iaiit Ati t)SR-81-it4S
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