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1. I NTRODUCTION

Contract N000l4-76-C-0514 and its Predecessorf contract NOO(jl’4-

67-A-0l12-0023 , have provided research support for P
~?f

essor Joseph

Goodman and his students for a period of ten years. The research performed

under the contracts has spanned the fields of image formation , opt ical

information processing , and holography.

In this fina l report on the co!1t4~~ ts,we first summarize the

research accomplishn~nti of the past contract year (section II).

Attention Is then turned to an overv i ew of the accomplishments of the

entire ten years of support (section Iii). Included are short discussions

of the genera l subjects i nvesti gated , a list of the students supported

by the contractsand their current professiona l positions , and finally

a list of the publications reporting on work supported i n  part or in

entirety by the contracts.

1.1 . ACCOMPLISHMENTS OF THE PAST YEAR[ “
~~~4aJor emphasis during the past year has been on the development

of new methods for extremely fast, f u l l y pa r a l l el , i ncoherent opt i cal

data processing systems. Whi le most coherent optical data processors

require information to be Input onto a real-time (electronic or electro-

optic) transparency in a serial or time-sequential fashion , incoherent

processors offer the possibili ty of fully parallel data i nput at

enormous speeds.

The particular approach to i ncoherent optical processing formu-

lated and partiall y demonstrated by us during the past year Is summari-

zed in the Appendix , which is a pre-print of an article to appear in

Optics Letters in January 1978. We believe that the utilization of
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modern opto-electronic technology (inc l ud i ng LEO ’s, laser d iodes,

fibers , and fast photodetectors) in optica l signa l processors holds

enormous potential for the future , and we hope that our init ial work

in this area, as carried out under ONR sponsorship during the last year,

will lead to a new family of optica l processors with un i que and useful

properties .

III. OVERV I EW OF THE ACCOMPLISHMENTS OF THE PAST TEN YEARS

A. Areas of Research

(I) Holographic imag i ng through Atmospheric Turbulence.

The first area of research supported by this contract

concerned the effects of atmospheric turbulence on holograms and

hol ographic images formed over long propagation paths. The

research consisted of both analytica l stud ies, using the

Tatarski theory of propagation through turbulenc e, and exper i-

mental studies of the effects of the atmosphere on fringe

formation over long outdoor paths. The research culminated in

two publ i cations in the Journa l of the Optica l Society of America .

One graduate student was supported for this work, and he received

his Ph.D. degree with his thesis on this subject matter .

(2) Digital Image Formation from Holographic Data

In 1 968 we undertook a research project on the formation

of images from detected holographic data by means of digita l

computation . The prime area of application was anticipated to be

acoust ic hologra phy , for which a decision between optica l image

formation and digita l image formation was a very real one. We

were successful in produc i ng the first digitally reconstructed

- 3 -
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images from rea l holographic data . In addition , a theoretical

study led to the first ana l ytica l understand i ng of the effects

of Fourier-domain quantization on holographic images. Three

publications resul ted, and one student received the Ph.D. degree

based on this work.

(3) High Efficiency Volume Holograms

During 1968 and 1969, we undertook a theoret i cal study of

the efficiency with which thick holograms transfer light to their

reconstructed Images . While a theory published earlier had dealt

with the theory of thick holograms consisting of a single

sinusoidal component, our studies concerned the case of multiple

stored sinusoidal gratings. A paper on this subject was presented

at a meeting of the Opt ica l Society of America , and a student

received the Ph.D. degree based on his thesis in this area .

(4) Pre-Detection Image Processing for Enhanced Image

Restoration

In 1970-1 971 we explored a number of possible ways to mod i fy

the pupil of an optica l system in order to make the detected

images more amenable to post-detection image enhancement. This

work pointed out for the first time that, if images are expected

which have been subjected to a known degradation (e.g., a focusing

error), a proper apod i zation of the imag i ng pupil can result

in a detected image which is especiall y well su i ted to post-

- detection restoration . The work resu l ted in a publication and

one student received his Ph.D. based on this work.
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I
(5) Low—Light-Level Limitations In Fr i nge Measurement

and In Image Restorat ion

In 1970 and 1971 , a study of the photon-limitations to

fringe-parameter measurement was undertaken. The work was

motivated by the Interest that then existed in a variety of optical

array techniques for image enhancement, a l l  of wh i ch requ i red

the accurate measurement of fr i nge parameters at low l ight l evels.

A comprehensive theory was successfully developed . In addition ,

the study inc l uded an exam i nation of the photon-noise limitations

of image enhancement. The results of these stud ies were publ i shed,

and one student received his Ph.D. degree with a thesis in this

area.

(6) Space—VarIant Digital Restoration of Images

in 1972, a study of the types of image degradations intro-

duced by relative motions of a camera and the subject being

photographed was undertaken. Rather complicated space-variant

blurs were found to exist. A new method for restor i ng such

blurred images was developed and demonstrated . Since the blurs

encountered are space-variant , straightforward Fourier domain

restoration procedures could not be applied , and more sophisti-

cated approaches were found to be necessary. The work resu l ted

In several publications and a Ph.D. thesis.

(7) Restoration of Degraded Images Formed in Partially

Coherent Light.

The problem of restor i ng degraded Images formed In partiall y

coherent l ight Is an extremely difficult one, due to t he  non-

- 5 -
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linea r nature of the Image form i ng process in this case. In

1 973 we developed a new approach to this problem and demonstrated

its feasibilIty exper i mentally. A considerable amount of new

theoret ical understand i ng of the image forming process was

developed during the course of this work. The results were

published , and one student received his Ph.D. based on his

thesis in this area.

(8) Computer Generated Spatial Filters with High Light

Eff i ci ency

Dur ing 1 973 and 1 974, we developed severa l new methods for

constructing computer-generated spatial filters with high light

efficiency. Several of these methods were demonstrated experi-

mentall y. A Ph.D. thesis on this subject resu l ted .

(9) Laser Speckle

During 1975 we published two new theoretical results

pertaining to laser speckle. One was the first analytical den-

vation of the intensity statistics that result from the addition

of N partially correlated speckle patterns. The second was an

ana l ytical derivation of the intensity statistics obta i ned in a

speckle pattern generated by a surface which has a roughness

that is smaller than a wavelength. Following these publ ications ,

we prepared a rev i ew article on the statistics of laser speckle

patterns. This article is now one of the standard references in

the field.

(10) Nonlinear Opt i ca l Data Processing
- 

During the years 1973-1976 we developed new methods for

- 6 -
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performing nonl i near opt I cal data processing operations using

coherent optical systems. These methods are based on the use

of half-tone-screen encod i ng processes. The work had sufficient

impact to motivate a number of other research groups in the

U.S. and abroad to continue efforts along these lines based on

our early publications. Our work included methods for realiz-

ing logarithmic transformations , ana l og—to—digi tal conversion ,

and pseudo-color picture encoding . Approximately six publ i-

cations resulted from this work.

(11) I ncoherent Matrix-Vector Multiplier

This work has begun in 1977, and is reported on in detail

in the Appendix.

In addition to the above research areas specificall y funded by our

OPIR con trac ts, severa l other research areas were initiated with the help

of this  con tract, and then funded for more in-depth research by other

agencies. These areas inc l ude:

Interferometric imaging methods for astronomical imag i ng

through turbulence (NSF);

Computer generated hol ographic memories (NSF); and

Space-variant optica l data processing systems (NSF).

Four students received their Ph.D’s under these latter research efforts.

B. Students Recelvinq Ph.D’s with Partial or Total Support from

our ONR Contracts

I. NAME: Jack D. Gaskill (total support)

Thesis title and date: “Holographic Imaging Through a

- 7 -



Randoml y Inhomogeneous Med i um”, May 1 968.
- 

Present position: Administrator for Academic Affairs and

Professor of Opt ica l Sc iences , Optical Sciences Center ,

University of Ar i zona, Tucson , Arizona .

2. NAME : Antonio S i l ves t r i  (tota l support)

Thesis title and date” “Digital Image Formation and Fourier

Domain Quant i zation”, May 1971.

Present position: Project Leader , Electromagnetic Systems

Laboratori~ s , Inc., Sunnyvale , Ca.

3. NAME: Richard A. Baugh (partial support)

Thesis t i t l e  and date: “High-Efficiency Volume Holography”,

June 1969.

Present position : Staff Sc ientist , Hewlett-Packard Co.,

Cupertino , Ca.

4. NAME: F. Donald Russel l (partial support)

Thesis t i t l e  and date: “Predetection and Postdetection Filter ing

for Improved Resolution in Optica l Systems”, August 1970.

Present position: Manager , Ford Aeronutronic , Palo Alto , Ca.

5. NAME : John F. Wa l kup (total support)

Thesis title and date: “Limitations in Interferometric

Measurements and Image Restoration at Low Light Levels”,

July 1971.

Present posi t ion : Associate Professor of Electrica l Eng ineer ing,

Texas Tec h University, Lubbock , Texas.

N
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6. NAME: A.A. Sawchuk (partial support)

Thesis title and date: “Space-Variant Image Motion Degradation”,

June 1972.

Present position: Associate Professor of Electrica l Engineer i ng ,

University of Southern California , Los Angeles , Ca.

7. NAME : Mete Severcan (partial support)

Thesis title and date : “Computer Generation of Coherent Optica l

Filters with High Li ght Efficiency and Large Dynamic Range”,

Present position: Instructor , Middle East Techn ica l University,

Ankara , Turkey.

8. NAME: Kalyan Dutta (total support)

Thesis t i t le  and date: “Sampling and Restoration of Images

Formed in Partially Coherent Light ”, December 1 974.

Present position: Staff Scientist , Block Eng i neering ,

Cambridge , Mass.

C. Publ i cations on Work Supported in Part or in Whole by our

ONR Contracts

1 . J .W.Goodma n, “Digital Image Formation from Electron i call y
Detected Holograms”, Proc. Seminar on Computerized Imaging
Techn i ques, Soc. of Photo-Opt ical Instrumentation Eng ineers ,
pp.XV 1-1 through XVI-6, 1 967 (Monograph).

2. J.W.Goodman and R.W. Lawrence, “Digital Image Formation from
Electronically Detected Holograms”, Appl.Phys .Lett., 11 ,
pp.77-79, August 1 967.

3. J.W.Goodman, “Systems Applications of Holography”, Proc.
Seminar on Holo9raphy, Soc. of Photo-Optica l InstrumentatFon
Engi neers , pp .147-152, (Monograph), 1 968 .

4. J.W.Goodman, R.B. M iles and R.B. Kimball , “Comparative
No i se Performance of Photograph i c Emulsions i n Convent ional and
Holographic Imagery”, J .Opt.Soc .Am ., 58, pp.609-614, May 1968 .

- 9 -
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5. J.D. Gaski l l , “Imag ing through a Randomly Inhomogeneous
Medium by Wavefront Reconstruction ”, J.Opt .Soc.Am ., 58,
pp. 600-608 , May 1 968.

6. J.W.Goodman and A. S~ lvestri , “Digital Reconstruction of
Holographic Images”, NER~M RECORD , 10 , p .118 , 1 968 .

7. J.W.Goodman and G.R. Knight, “Effects of Film Nonlinearities
in Wave—front—Reconstruction Imag ing of Diffuse Objects ”,
J.Opt. Soc .Am., 58 , pp.1276- 1 283 , September 1968 .

8. J.W.Goo d man, “Digital Image Formation from Detected
Holographic Data”, Acoustica l Holography, (ed . A.F. Metherell ,
H.M.A. El—Sum and L. Larmore) , Plenum Press , pp. 173-185 , 1969.

9. J.W.Goodman , “Use of a Large Aperture Optical System as a
Triple Interferometer for Remova l of Atmospheric Image Degra-
dations ”, Evaluation of Motion Degraded Images, NASA publication
SP-l 93, 1 969.

10. J.D. Gaski ll , “Atmospheric Degradation of Holographic
images”, J.Opt.Soc.Am ., 59, pp.3O8—318, March 1969.

11. J.D. Gask i l l  and J.W.Goodma n, “Use of Mul t ip le  Reference
Sources to Increase the Effective Field of Vi ew in Lensless
Fourier-Transform Holography ”, Proc. IEEE, 57, p.823 , May 1969.

12. J.W.Goodman , “Synthetic-Aperture Optics ”, in Progress in
Optics , Vol. V I I I ,  (ed . E. Wo l f ) ,  North Holland Publish ing Co.,
Amsterdam , pp .l-50, 1 970.

13. J.W.Good ma n, “Ana logy Between Holography and Interferometric
Image Formation”, J .Opt .Soc .Am ., 60 , pp. 5O6-509, Apr i l  1 970.

14 . J.W Goodman and A.M. S i l vest r i , “Some Effects of Fourier -
Domain Phase Quantiza tion ”, IBM J.Res.Dev ., 14 , pp.478-484,
September 1970.

15. F.D. Russel l and J.W .Goodman , “Nonredundant Arrays and Post—
detection Processing for Aberration Compensation in Incoherent
Imaging ”, J.Opt.Soc.Am ., 61 , pp. 182-191 ,

16. J.W.Goodman , “An Introduction to the Principles and Appli-
cations of Ho l ography”, Proc. IEEE , 59, pp .1292-1304, September 1971.

17. A.A.  Sawchuk , “Space-Varian t Image Motion Degradation and
Restoration ”, Proc. IEEE, 60, pp.854-86i , July 1972.

18. J.F. Wa l kup and and J.W. Goodma n, “Limitat ions in Fr i nge
Parameter Estimation at Low Li ght Levels”, J.Opt .Soc.Am ., ~~~,
pp.399-407, April 1973.

— - 1 0 -
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19. J.W.Goodman , “S ta t is t i ca l  Properties of Mutua l Intensity
wi th  F in i te  Measurement Time ”, App l.Phys. 2, ,.p. 95- lOl ,
August lS/3 .

20. H. Kato and J.W. Goodman , “Nonlinea r Transforma t~ons and
Logarithmic Filter i ng in Coherent Optica l Systems”, Optics
Comm., 8 , pp.378-381 , August 1973 .

21. J.W.Goodman , “Probability Density Function of the Sum of
N Part ial l y Correlated Speckle Patterns”, Optics Comm. 13,
pp.244-247 ( 1975 ) .

22. J.W.Goo dman , “Dependence of Image Speckle Contrast on
Surface Roughness ”, Optics Comm. 14 , pp.324-327 (1975).

23. H. Kato and J.W. Goodman , “Nonlinear Filter i ng in Coherent
Optical Systems through Halftone Screen Processes ”, App I.Opt.
14 , pp.1813-1824 (1975) .

24. J.W.Goodman , “Statist ical Properties of Laser Speckle
Patterns ”, in Laser Speckle and Related Phenomena, Springer-
Verlag , Heidelberg, pp .9-75 (1975) .

25. J.W.Goodm a n, “Noise in Coherent Opt ica l Information
Processing ”, in Optica l Information Process ing, Plenum Press ,
(1976) .

26. J,W.Goodma n, “Operations Achievable in Coherent Opt ical
Data Processing ”, in Proceed ings of the 1975 Electro-Optica l
System Design Conference , Industrial and Scient i f ic  Conference
Management , Inc., Chicago , III. (1 975) .

27. H-K. Liu , J.W. Goodma n and J.L—H. Chan , “Equidensitometry
by Coherent Optica l Fi l ter ing”, App I.Optic s , iS, pp.2394-2399,
October 1976.

28. H-K. Liu and J.W.Good rna n, “A New Coherent Optica l Pseudo-
Color Encoder”, Nouvelle Revue d’Optigue , 7, pp.285-289,
Sept .-Oct. 1976.

29. J.W.Goodma n, “Operations Achievable with Coherent Optica l
information Processing Systems”, (invited paper), Proc. I EEE, 65,
pp .29-38 , J a n u a r y  1 977 .

30. J.W.Goodman, “Some Fundamental Properties of Speckle”,
J. Opt.Soc .Am ., 66, pp. 1145-1150, November 1 976.

3 1. H-K. Liu and J.W. Goodman, “Pseudo-Color Encod ing of
Pictures by Means of Halftone Screens and Coherent Opt ica l
Filtering ”, Proc. SPIE , 83, pp. 125- 1 29, San Diego , Ca. August
24-26, 1 976.
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32. K. Dut ta and J.W. Goodman , “Reconstruction of Images and
Par t ia l l y  Coherent Objects from Samples of Mutua l Intensity”,
J.Opt.Soc.A m ., 67, pp. 796-803 , June 1977.

33. J.W.Goodman , “Some Fundamenta l Properties of Speckle”,
invited lecture , Internationa l School of Quantum Electronics:
Coherent Optical Eng ineeriflg, Tuscany, I taly, Septembe r l97&,
to be published by North Holland Publishing Co.

34. J.W.Goodman , “Coherent Opt i ca l Image Deblurring ”, inv ited
lecture , Internationa l School of Quantum Electronics: Coherent
Opt ica l Eng ineering, Tuscany, I ta ly,  September 1976 , to be
published by North-Holland Publishing Co.

35. J.W.Goodman , A.R. Dias , and L.M. Woody, “A Fully-Parallel ,
Hi gh-Speed I ncoherent Optical Method for Perform i ng Discrete
Fourier Transforms ”, accepted for publication in Optics Letters.

IV. CONCLUDING REMARKS

The Principa l Investiga tor for this contract , Professor Joseph

W. Goodman, would like to express his persona l thanks to the Physics

Branch of the Off ice of Nava l Research for their support over the past

ten years. This contract has contributed enormously to his own

professiona l growth , and has further provided partial or full support

for  ei ght graduate students at the beginning of their respective

professiona l careers. We believe that the research accomplished under

the contract has had major impact on severa l different areas of physics

and eng ineer ing.

The freedom afforded to the Princ ipa l I nvestigator to sel ect and

pursue those research efforts he perce ived to be of major importance

is especially appreciated .
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APPENDIX

A FULLY-PARALLEL , HI GH-SPEED

INCOHERENT OPT ICAL METHOD FOR

- PERFORMING DI SCRETE FOUR IER TRANSFORMS*

J.W. Goodman
A.R. Dias
L.M. Woody

Department of Electrical Eng i neer i ng
Stanford University

Stanford , California 94305

An i ncoherent optical data processi ng method is descr i bed which
• 

/ has the potential for perform i ng discrete Fourier transforms of short

length at rates far exceeding those afforded by both special purpose

digita l hardware and representative coherent opt i cal processors.

7

N . - —

‘Work supported by the Office of Nava l Research.
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I
F We report here on an i ncoherent optica l method for performing

discrete Fourier transforms (OFT’s) which has the potential for extremely

high data throughput rate. The OFT operation may be viewed as a process

of multiplying an inpu t vector P (consIsting of N possibly complex-

val ued inpu t samples) time s an NxN matrix j
~ 

(the n ,mthl element

being exp(-j2wnm/N)) to yield an output vector ~ (consisting of the

N complex Fourier coefficients); thus we des i re to perform

—~~ t . (1)

Two separate issues must be addressed in describing the method of

interest here: (I) How do we perform the matrix product in a highly

parallel and fast way? (2) How do we perform complex arithmetic using

incoherent light , for which onl y non-negative and rea l quantities

(intensities) can be manipulated .

To address the first issue , suppose that the elements of and ~~

are non—negative and real. Then the system shown in Fig. 1 can be used

to perform the matrix-vector product. The elements of ~P are entered

:1 In parallel by controlling the intensities of N light emitting diodes

(LED’s). Lenses L
~ 

and 12 image the LED array horizontally onto the

matrix mask II , while spread i ng the light from any single LED verticall y

to fill an entire col umn of the matrix mask. Lens 1
3 

is a field lens.

The matrix mask M consists of NxN subcells , each containing a trans-

parent area proportional to one of the matrix elements. Lens L4 is a

cy l i nd r i cal lensl et arra y , wh ich is not essential to the operation of the

system, but which can be used to improve light efficiency . Lens combi n-

at ion L
5 

collec ts all light from a given row and br i ngs it to focus on

one element of a vertical array of N photodetectors. Each photodetector

~~~~~~~~~~_  ~~: ~~~~~~ ::- _
~~~~ _1~
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a

measures the value of one component of the output vector

To permit the multiplication of a matrix ~~~, with complex elements

times a vector I with complex elements , we decompose each of these

quantities as follows 1 ’2:

~~(o) + 1(1) exp(J2w/3) + 1(2) exp(j4ir/3) 
(2)

H — ~
(0) + H~

1
~ exp(j2ir/3) +di,

(2)exp(j4,r/3)

where 1(0) , and 1(2) consist of N r~eal and non-negative

elements each, and ,~,(0) , ~jjj1) and ,~
(2) consist of NXN real

and non—negative elements. If the outpu t vector is similarl y

decomposed , then we find that the overall matrix-vector product can

be expressed as

H~°~ H
(2) (I) i~°~~ I L.J 1._I

.÷(l) H(l) i~
(O) H(2) 1~’ -

-..(2) H (2) H~
1
~ H~°~ 1(2)g . . .. I.

Thus complex operations can be performed at a pr i ce of a factor of three

in the length of 
•
the i nput and output vectors.

Simple electronic circuits for produc i ng the components 1(0) ,

and 1(2) from I exist~ , as do l ikewise simple c ircui ts for produci ng

the rea l and imaginary parts of ~ f rom ~~0) , ~(‘) and ;(2)

Experiments have been carried Out to verif y the ability to perform

comp l ex arithmetic. The source was an unfiltered , linear filament, clear

envelope, i ncandescent bulb. The 3Ox3O matrix mask used to perform a

10-point DFT is shown In Fig. 2. This mask is designed so that the

three entire vectors , 1( i )  and 1(2) are entered side by side ,

H H

_ _  _
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whereas the three outpu t components ~~~ , 
~~~ and g~2) for the

kt~ Fourier coefficient appear side by side. Thus the output display

shows each DFT component as a triplet of real and nonnegative components.

For this exper iment the i nput functions were entered by hand as

masks placed against the matrix mask , and output functions were detected

on a 1024 element Reticon CCD detector array. Figure 3 shows both

theoretical output distributions and experimentally obta i ned output

distributions , the latter being photographed from an oscilloscope display.

In parts (a) and (b), the function to be transformed consists of the

sequence (1 ,0,0,0,0,0,0,0,0,0). The resulting DFT should be entirely real

and of constant magnitude. As shown in these figures , the DFT components

along the rea l axis are all non-zero and equal , while the componenents

along 120° and 240° are all zero.

In parts (c) and (d), the input sequence was entirely real and

constant. The DFT consists of a large real zero-frequency component (on

the far right) , followed by triplets of equal strength for all other

DFT components. Some thought shows tha t any DFT component wi th elements

g (O) , ~~~ and ~(2) exactly equa l is equivalent to a zero result.

Hence all DFT components, except the zero frequency component, are zero.

Parts (e) and (f) show the results when the entire matrix mask is

uniformly illum i nated . In this case some thought shows that the inpu t is

effectively a sequence containing all zeros. The output DFT shows

trip lets of equal strength , or a sequence of all zeros for the output.

A system composed of 96 high speed LED’s and 96 avalance photo-

diodes would be capable of perform i ng a 32-point DFT. Commercially

available components have sufficient bandwidth , output power and sensitivity

It 
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to permit such a DFT to be performed every 10 nanoseconds. The total

throughput rate for such a processor is abou t 3xl09 compl ex samples per

second , while a correspond i ng number for special-purpose digita l array

processors is about 3xlO 5 complex samples per second , and a represent-

ative coherent optical processor3 has a throughput of 3x1O7 real samples

per second .

The chief significance of this processor is that the inpu t data

can be entered in parallel , and it is this fact that l eads to its high

throughpu t rate. Another system recently described~ ’
5 performs a

similar matrix-vector product , but the data must be entered seriall y,

and as a consequence the throughpu t rate is much l ower. The processor

described here is especially well su i ted for problems in which the

elements of the i nput vector I are gathered by parall el sensors.

of course, matrices other than the DFT mat rix can also be u sed if desired .

REFERENCES

I. J.W.Goodman and L.M. Woody , “A method for perform ing complex-valued

linear operations on complex-valued data using i ncoherent light ”,

accepted for publi cation in Applied Optics. To appear October 1 977.

2. If one is sufficie ntly clever in eliminating unwanted terms at the

output , real and imaginary components on biases can be used .

However , the dynamic range of the system is reduced by such an

approach.

3. We refer specifically to a system with an electron-beam addressed

DKDP input li ght va l ve, which is capable of enter i ng 106 data

• points 30 times per second . See D. Casasent , Proc . IEEE , 65, 143

( 1 977) .

4. R.P. Docker , App l . Opt. 13, 1670 (1974).

- 5 —

_ _ _ _  . -_ . —T~~~~~~~~~~~~~~~~~
. - 

~~~~~~~ :~~~~~



pr ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

5. M.A. Monahan, K. Bromley and R.P. Bocker , Proc . IEEE , ~~~~~~,

1 2 1  ( 19 7 7 ).

- 6~

-~~ —— — — — ---- — — -______ _ ___ __ - — —-



_____________ 
___________ __________ ~~

L, I..2 L.3 M L 4

~~~~~F 0 F~~~~~ F~~~~~~~~~~ , DETECT0RS

J ’ ~~~~~1’I 

II

~~~~~~~~~~
ECTORS

L
1 L

2 
L

3 
L

4 
L

e

LE~IIIIII 
N

DETECTORS
L, L5

• Fi g. 1: I ncoherent opt i cal processor
conf i guration . (a) pictorial
view , (b) top view , (c) si de

• view . -

_ __ __ _ _  

U



-~~ — --~
_
~~JT~~~~~

• . a . U • • U U I
U U a U. U •U UU •~~.U UU
• I U .U •.IU U U U ~I I.US
• • U •~~UU I U •UIU U I •.I
• . • U U• U U .•  . U U U U U I.
• U.. •II •UU Sal lU
• U.U UUU .UU U.. U•U .U
• .U .aI •Ia •UU IU• U. .  •
• as a. •s a U. •U U. •Ua U

• U US U. .U U~ 1 S U.  IU •~• U U • • • U U . U U
• SI US S. U US •~ U .1 US SI

• U UU U •f l  • UI 5 lU a .~ U II
• U. . U US.. U U UISU U .
• U • UUUI . U U U •UUU . U
P S U I . U U U• . U . . l U
U • •~~ U UU~ ~ U ~ I~~U UUU •
I .U5 .UU •UU •aU US.  lU
• IU• Ua ••.  • S• . •u ...
• U• us a. IS UI .U~ S. U.
• U U S U U U U U U
• a. UU 5 . . U  US •~ U .1 IS U
U US.U U. U U S 55 .U  U. S U
• U.U~ S U UUSU S U U 5 • U  U
U.U U U SUU~ ••U  U U UUI~all .au .•a a.. Sam
U.. UUU a.. US. UUU 5.5
UI • .1 auS US. U.S •U. U.
U. •U. •U •U UU UI. .a U•
US •U Sa •U.  UU .U S.  Ia UI

Fig. 2: Matrix mask for a 10 point
D FT.

- - - - - - --- - -
~~~~~~

--
~~~~

--
~~~~~~~~~~~~~~

- ,
~~•- . ---- ------ - - - -  

—__



________________ — —5 — —

1200

__1E __i1.J1.._1I. ...IL__J] _.JI__iL__ J1_ _J1 _. ‘

~~~ ~ ~~~ 

‘

~~~~~ ~~~~ 

• •

(a) (b)

S ••__•J•1111•I’•I•!1!I•tJI•I•1J1t1I•II•!1111J•It•II•I•J1•IJ•111•ll•1J•li•I•_•..j1__. ________~ 

• . . .  

.

(c) (d)

H
(e) (f)

Fig. 3: Theoretica l (a,c,e) and
exper imental (b ,d ,f) DFT
results

- —~~~~~~ 

•11~



— -

DISTRIBUTION LIST FOR
ONR Contract N00014-76-C-0514

No. of No. of
Copies ç~pies

Air Force Weapons Laboratory, 1 Naval Ship Engineering Center,
Technical Library, Philadelphia Division ,
Kirtland Air Force Base, Technical Library,
Albuquerque , New Mexico 87117 Philadelphia , Pa. 19112

A ir Force Avionics Laboratory, 1 Department of the Navy,
Air Force Systems Command , Bureau of Naval Personnel ,
Technical Library, Techn ical Library,
Wright-Patterson AFB , Washington , D.C. 20370
Dayton, Ohio 45433

1 Nava l Postgraduate School ,
Raymond A , Patten, Head , Technical Library (Code 0212),
Applied Optics Branch, Monterey, Ca. 93940
Naval Research Laboratory,
Washington, D.C. 20375 1 Naval Missile Center,

Technical Library (Code 5632.2),
Harry Diamond Laboratories, Point Mugu , Ca. 93010
Tec hnical Library,
Connecticut Avenue at 1 Naval Ordnance Station,

Van Ness , N.W., Techn ical Library,
Washington , D.C. Louisville, Kentucky 40214

Naval Wea pons Center, 1 Naval Oceanographic Office,
Technical Library (Code 753), Technical Library (Code 1640),
China Lake , Ca. 93555 Suitland , Maryland 20390

Naval Tra ining Dev ice Center , 1 Naval Explos i ve Ordnance
Techn ical Library, Disposal Fac ility,
Or lando, Florida 32813 Technical Library,

Indian Head, Maryland 20640
Naval Research Laboratory,
Underwater Sound Reference 1 Naval Electronics Lab. Center,

Division , Technical Library ,
Technical Library, San Diego, Ca. 92152
P.O. Box 8337,
Orlando, Florida 32806 1 Naval Appl ied Science Lab.,

Technical Library (Code 222),
Navy Underwater Sound Lab., Flushing and Washington Ave .’s,
Technical Library, Brooklyn, New York 11251
Fort Trumbull ,
New London , Conn. 06320 1 Naval Undersea Warfare Center,

Technical Library ,
Naval Ordnance Station , 3202 E.Foothill Boulevard ,
Technical Library, Pasadena , Ca. 91107
Ind ian Head, Maryland 20640

Page 1
3/75

-

~ 

-~~~~~~ -S ---~-



-; - 

- _________________

No. of No. of
Copies Copies

1 Naval Weapons Laboratory, 1 Office of the Director of
Technical Library, Defense and Res.Eng.,
Dahlgren, Virginia 22448 Information Office Library

Branch,
1 Naval Ship Research and The Pentagon,

Development Center, Wash ington, D.C. 20301
Central Library (Code L42

and L43) , 1 U.S. Army Research Office,
Wash ington, D.C. 20007 Box CM, Duke Station,

Durham, North Carol ina 27706
1 Naval Ordnance Laboratory,

White Oak, 12 Defense Documentation Center,
Techn ical Library, Cameron Station,
Silver Spring, Maryland 20910 Alexandria , Virginia 22314

1 Naval Avionics Facility , 1 Director, National Bureau
Technical Library, of Standards,
Indianapol is , md .  46218 Washington , D.C. 20234

Attn : Techn ical Library
1 Director,

Advanced Research Proj.Agcy., 1 Commanding Officer,
• The Pentagon, Office of Naval Research

Washington, D.C. 20301 Branch Office,
(Attn : Technical Library 219 S. Dearborn Street,

Chicago, Illinois 60604
1 (ARPA-supported contracts)

Advanced Research Prój.Agcy., 1 San Francisco Area Office,
Lynn Building , Office of Naval Research,
Arlington , Va. 20301 1076 Mission Street,
Attn: Lt.Col.J.MacCallum San Francisco, Ca. 94109

1 Office of Naval Research, 1 Air Force Office of Scientific
Department of the Navy, Research,
Washington, D.C. 20360 Department of the Ai.r Force,
Attn: Physics Branch Washington , D.C. 20333

6 Naval Research Laboratory, 1 Commanding Officer,
Department of the Navy, Office of Naval Research
Wash ington, D.C. 20390 Branch Office,
Attn: Technical Library 1030 East Green Street,

Pasadena, Ca. 91101
1 CommandIng Officer,

Naval Weapons Center, 1 Commanding Officer,
Corona Laboratories, Office of Naval Research

• Corona, Ca. 91720 Branch Office,
495 Suniner Street,
Boston, Mass. 02210

Page 2

L 
S - 

- 
- . 
:~~~~~ -

‘S
~~~~~~~~~~~~~~~~

__

- -

~

•

~

— •  .—.~~- - . -~~~~~• •~~~~~~~~~ 
-- -——-- --- • --.- — • . . — •-- ---- - -



No. of -

Copies

1 Di rector,
U.S. Army Eng ineer ing Researc h

and Development Laboratories,
Fort Belvoir , Virginia 22060.
Attn: Tech.Documents Center

1 ODDR&E Advisory Group on
Electron Devices,

201 Varick Street,
New York , N.Y. 10014

1 New York Area Office
Office of Naval Research,
715 Broadway, 5th Floor
New York , N.Y. 10003

1 Dept. of the Army ,
U.S. Army Researc h Office - Durham,
Box CM, Duke Station ,
Durham, N.C. 27706,
Attn: CRDARD-IP

I Mr. S.F Laforgi a,
d o  CG, USAELC ,
Ft. Monniouth, N.J. 07703
Attn: AMSEL-NLAI

1 Naval Research Laboratory
Code 6503, LIPO,
Dr. Walter R. Sooy,
Wash ington, D.C. 20390

Page 3

I ______ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_ _ _ _ _ _ _ _ _  

t
— -•- . • • • - • • .-.SSSS—•—-- —~~.-———~~~

_• _ •___ ~~~a__ •_ S_~
___ •_ _ 

~~~~~~~~~~~~~~~~~~~ —S ——----5-- ---—-


