US007203377B2

United States Patent

(12) (10) Patent No.: US 7,203,377 B2
Ludwig 45) Date of Patent: Apr. 10, 2007
(54) COMPUTING ARBITRARY FRACTIONAL 4,189,214 A *  2/1980 Matsui et al. ....cccunnee 359/761
POWERS OF A TRANSFORM OPERATOR 4,572,616 A 2/1986 Kowel et al.
FROM SELECTED PRECOMPUTED 5,016,976 A 5/1991 Horner et al.
FRACTIONAL POWERS OF THE 5,061,046 A 10/1991 Lee et al.
5323472 A 6/1994 TFalk
OPERATOR 5,416,618 A 5/1995 Juday
. . 5,426,521 A 6/1995 Chen et al.
(76) Inventor: Lester F. Ludwig, 812 Soviergn Way, 5432336 A 7/1995 Carangelo et al.
Redwood Shores, CA (US) 94065 5544252 A 8/1996 Iwaki et al.
5,706,139 A 1/1998 Kelly
(*) Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35 (Continued)
U.S.C. 154(b) by 188 days.
OTHER PUBLICATIONS
(21) Appl. No.: 10/937,192 . oo ) )
Sumiyoshi Abe, et al., “An optical implementation for the estima-
Ted- tion of the fractional-Fourier order”, Optics Communications 137
(22) Filed: Sep. 9, 2004 (May 1, 1997), 214-215.
(65) Prior Publication Data (Continued)
US 2005/0031221 Al Feb. 10, 2005 Primary Examiner—Kanjibhai Patel
. . (74) Attorney, Agent, or Firm—I ee, Hong, Degerman, Kang
Related U.S. Application Data & Schmadeka; Jeffrey Lotspeich
(63) Continuation of application No. 10/665,439, filed on
Sep. 18, 2003, now Pat. No. 7,054,504, which is a ~ (57) ABSTRACT
continuation-in-part of application No. 09/512,775,
filed on Feb. 25, 2000, now Pat. No. 6,687,418. Image processing utilizing numerical calculation of frac-
(60) Provisional application No. 60/121,958, filed on Feb. tional exponential powers of a diagonalizable numerical
5. 1999, provisional a lication, No’ 60/121.680 transform operator for use in an iterative or other larger
ﬁlé don F,e‘g 251999 PP ’ U computational environments. In one implementation, one or
T ’ more selected precomputed fractional powers of the trans-
(51) Int. CL form operator are stored in memory. Computation is sim-
GO6K 9/40 (2006.01) plified by associating precomputed powers of the numerical
GO6K 9/36 (2006.01) transform operator with the binary values of individual
(52) US.Cl 382/255: 382/280 digits in a binary fraction representation of the fractional
(58) Field of Classification Search ’3 ”2/254 exponent. The numerical transform operator may be a dis-
382/280. 274275 3122553 50/29 31’ crete Fourier transform operator, discrete fractional Fourier
P 350/279. 560: 709/333 transform operator, and the like. This numerical calculation
g lication file f ot ’ h h', " is useful in correcting the focus of misfocused images,
e application file tor compiete search ustory. which may originate from optical processes involving light
(56) References Cited (for example, with a lens or lens system) or particle beams

U.S. PATENT DOCUMENTS

(for example, in electron microscopy or ion lithography).

3,519,331 A 7/1970 Cutrona et al. 30 Claims, 9 Drawing Sheets
o w2 203
el e Il
Misfocus

Time, distance, storage, transmission
compression, degradation

Perturbed
Misfocused Image
Data

Fractional Fourier
Transform
c

305

Corrected
Image Data

—|

Adjust
Parameters

308
Parameter
Calculation and
Control




US 7,203,377 B2
Page 2

U.S. PATENT DOCUMENTS

5,815,233 A 9/1998 Morokawa et al.

5,854,710 A * 12/1998 Rao et al. .......ceenen. 359/559
5,859,728 A 1/1999 Colin et al.

5,959,776 A 9/1999 Pasch

6,011,874 A * 1/2000 Gluckstad ................... 382/276
6,021,005 A 2/2000 Cathey, Jr. et al.

6,091,481 A *  7/2000 MOTi ..ooeevevnrnnrnrirnenenns 355/67
6,229,649 Bl 5/2001 Woods et al.

6,252,908 Bl 6/2001 Tore

6,392,740 B1* 5/2002 Shiraishi et al. .............. 355/53
6,404,553 Bl 6/2002 Wootton et al.

6,421,163 B1* 7/2002 Culver et al. ............... 359/279
6,505,252 Bl 1/2003 Nagasaka

OTHER PUBLICATIONS

N. I. Achieser, Theory of Approximation, Dover, New York, 1992.
pp. 1-23 & 78-81.

Jun Amako, et al., “Kinoform using an electrically controlled
birefringent liquid-crystal spatial light modulator”, Applied Optics,
vol. 30, No. 32, Nov. 10, 1991, pp. 4622-4628.

V. Bargmann, “On a Hilbert Space of Analytical Functions and an
Associated Integral Transform,” Comm. Pure Appl. Math, vol. 14,
1961, 187-214.

L. M. Bernardo, O. D. D. Soares, “Fractional Fourier Transforms
and Imaging,” Journal of Optical Society of America, vol. 11, No.
10, Oct. 1994, pp. 2622-2625.

Philip M. Birch, et al., “Real-time optical aberration correction with
a ferroelectric liquid-crystal spatial light modulator”, Applied
Optics, vol. 37, No. 11, Apr. 10, 1998, pp. 2164-2169.

Y. Bitran, H. M. Ozaktas, D. Mendlovic, R.G.Dorsch, A. W.
Lohmann, “Fractional Fourier Transform: Simulations and Experi-
mental Results,” Applied Optics vol. 34 No. 8, Mar. 1995. pp.
1329-1332.

E.U. Condon, “Immersion of the Fourier Transform in a Continuous
Group of Functional Transforms,” in Proceedings of the National
Academy of Science, vol. 23, pp. 158-161, 1937.

P. J. Davis, Interpolation and Approximation, Dover, New York,
1975. pp. 24-55, 106-185, 328-340.

B. W. Dickinson and D. Steiglitz, “Eigenvectors and Functions of
the Discrete Fourier Transform,” in IEEE Transactions on Acous-
tics, Speech, and Signal Processing, vol. ASSP-30, No. 1, Feb.
1982.

R. Dorsch, “Fractional Fourier Transformer of Variable Order Based
on a Modular Lens System,” in Applied Optics, vol. 34, No. 26, pp.
6016-6020, Sep. 1995.

M. Fatih Erden, et al, “Design of dynamically adjustable
ananmorphic fractional Fourier transformer”, Optics Communica-
tions 136 (Mar. 1, 1996), pp. 52-60.

M. F. Erden, “Repeated Filtering in Consecutive Fractional Fourier
Domains,” doctoral dissertation at Bilkent Univ., Aug. 18, 1997.
G. B. Folland, Harmonic Analysis in Phase Space, Princeton
University Press, Princeton, NJ, 1989. pp. 51-55, 223-224, 236-239,
193.

J. W. Goodman, Introduction to Fourier Optica, McGraw-Hill, New
York, 1968. pp. 77-197.

E. Hecht, “Grin Systems”, Optics. Third Edition, Ch. 6, section 6.4,
pp. 277-280, Addison-Wesley publishing, (¢) 1998.

K. Tizuka, Engineering Optics, Second Edition, Springer-Verlag,
1987. pp. 238-311.

Sang-Il Jin, et al., “Generalized Vander Lugt Corrrelator with
fractional Fourier transforms for optical pattern recognition sys-
tems”, Lasers and Electro-Optics, 1997, CLEO/Pacific Rim, Pacific
Rim Conf. on. p. 311.

F. H. Kerr, “A Distributional Approach to Namlas’ Fractional
Fourier Transforms,” in Proceedings of the Royal Society of
Edinburgh, vol. 108/A, pp. 133-143, 1983.

F. H. Kerr, “On Namias’ Fractional Fourier Transforms,” in IMA J.
of Applied Mathematics vol. 39, No. 2, pp. 159-175, 1987.

M. A. Kutay, M. F. Erden, H.M. Ozatkas, O. Arikan, C. Candan, O.
Guleryuz, “Cost-effective Approx. of Linear Systems with Repeated
and Multi-channel Filtering Configurations,” IEEE pp. 3433-3436,
May 12, 1998.

M. A. Kutay, “Generalized Filtering Configurations with Applica-
tions in Digital and Optical Signal and Image Processing,” doctoral
dissertation at Bilkent Univ. Feb. 24, 1999.

M. A. Kutay, M. F. Erden, H.M. Ozatkas, O. Arikan, C. Candan, O.
Guleryuz, “Space-bandwidth-efficient Realizations of Linear Sys-
tems,” Optics Letters, vol. 23 No. 14, Jul. 15, 1998, pp. 1069-1071.
N. N. Lebedev, Special Functions and their Applications, Dover,
New York, 1985. pp. 60-77.

L. Levi, Applied Optics, vol. 2 (Sec. 19.2), Wiley, New York, 1980.
Adolf W. Lohmann, “A fake zoom lens for fractional Fourier
experiments”, Optics Communications 115 (Apr. 1, 1995) 437-443.
L. F. Ludwig, “General Thin-Lens Action on Spatial Intensity
(Amplitude) Distribution Behaves as Non-Integer Powers of Fourier
Transform,” Spatial Light Modulators and Applications Conference,
South Lake Tahoe, 1988.

M. E. Marhic, “Roots of the Identity Operator and Optics,” Journal
of Optical Society of America, vol. 12, No. 7, Jul. 1995. pp.
1448-1459.

V. Namias, “The Fractional Order Fourier Transform and its Appli-
cation to Quantum Mechanics,” in J. of Institute of Mathematics and
Applications, vol. 25, pp. 241-265, 1980.

H. M. Ozakas, “Digital Computation of the Fractional Fourier
Transform,” IEEE Transactions on Signal Processing, vol. 44, No.
9, pp. 2141-2150, Sep. 1996.

H. M. Ozaktas, D. Mendlovic, “Every Fourier Optical System is
Equivalent to Consecutive Fractional-Fourier-domain Filtering,”
Applied Optics, vol. 35, No. 17, Jun. 1996. pp. 3167-3170.

H. M. Ozaktas, D. Mendlovic, “Fourier Transforms of Fractional
Order and their Optical Interpretation,” Optics Communications,
vol. 101, No. 3, 4 pp. 163-169.

H. M. Ozaktas, D. Mendlovic, “Fractional Fourier Transforms and
their Optical Implementation 1,” Journal of the Optical Society of
America, A vol. 10, No. 9, pp. 1875-1881, Sep. 1993.

H. M. Ozaktas, D. Mendlovic, “Fractional Fourier Transforms and
their Optical Implementation II,” Journal of the Optical Society of
America, A vol. 10, No. 12, pp. 2522-2531, Dec. 1993.

H. M. Ozaktas, M. A. Kutay, O. Arikan, L. Onural, “Optimal
filtering in Fractional Fourier Domains,” IEEE Transactions on
Signal Processing, vol. 45, No. 5, pp. 1129-1143, May 1997.

H. M. Ozaktas, H. Ozaktas, M. A. Kutay, O. Arikan, M. F. Erden,
“Solution and Cost Analysis of General Multi-channel and Multi-
stage Filtering Circuits,” IEEE, Piscataway, N. J., pp. 481-484, Oct.
1998.

H. M. Ozaktas, H. Ozaktas, M. A. Kutay, O. Arikan, “The Fractional
Fourier Domain Decomposition (FFDD),” Signal Processing, 1999.
4 pgs.

A. Papoulis, “Systems and Transforms with Applications in Optics,”
Krieger, Malabar, Florida, 1986. pp. 1, 344-355, 410-421, 430-435.
S. Thangavelu, “Lectures on Hermite and Laguerre Expansions,”
Princeton University Press, Princeton, New Jersey, 1993. pp. 1-23,
84-91, 110-119.

N. Wiener, “The Fourier Integral and Certain of its Applications,”
(Dover Publications, Inc., New York, 1958) originally Cambridge
University Press, Cambridge, England, 1933. pp. 46-71.

“Taking the Fuzz out of Photos,” Newsweek, vol. CXV, No. 2, Jan.
8, 1990.

* cited by examiner



U.S. Patent

—

201

Original Image
Data

Apr. 10,2007 Sheet 1 of 9 US 7,203,377 B2
111 112
A A
( A
103
102 FIG. 1
202 205
> | Fractional Fourier > Resulting
Transform Image Data
Calculation
A
Adjust 206
Parameters Edge Detections
203 l
204 27
Step direction / Edge Percentage
and Size
Control l
208
Memory

FIG. 2




U.S. Patent Apr. 10, 2007 Sheet 2 of 9 US 7,203,377 B2

301 302 303a
- . Optical System Original Misfocused
— —
Onggal Visual Introducing Image Data
cene Misfocus
e - Time, distance, storage, transmission
e compression, degradation
4’_,,
303b 304 305
Perturbed Fractional Fouri
. > ractional Fourier > Corrected
Misfocused Image Transform Image Data
Data Calculation
A
Adjust 306
Parameters Memory
310 l
h 4
309 307
Parameter Comparisons
Calculation and

Control l

308
Actions

FIG. 3



U.S. Patent Apr. 10, 2007

401
Original Light
Organization
A
[
400
Light
Sources

Sheet 3 of 9

US 7,203,377 B2

Optical
Element

404
403 Resulting
Modified Light Observed
Organization image
A
4 I
> >
> /:
| \:
>

FIG. 4




U.S. Patent

Apr. 10, 2007

502
500
Point Light 501a
Source ==
501b Optical
Element
501¢

Sheet 4 of 9 US 7,203,377 B2
505 504 506
Short Focused Image Long
Unfocused Plane Unfocused
image Plane Image Plane

Vo

T~
=

FIG. 5

/



US 7,203,377 B2

Sheet 5 of 9

Apr. 10, 2007

U.S. Patent

9 'Old

2%09
SN204 PajoaLIn)d N
UNM sen(eA
apnydwy 6N
jo co_wm«cmwm._amm
an4 |enbig
G609

\

av09 "]

2409

(sAeuly) apnydwy
pa}oa.LI09)

9209 |
uoN99.1109
$N504
mom//<
«— 4 [e—
az09 |
\\
ez09

(shery) spnyidwy
pajoaLI0oun

R

N
©

sanieA
apnydwy 1ybi
JO uonejussaldoy
a4 leubia
109

/

abew

pasna0SIA

09

Y



U.S. Patent Apr. 10, 2007 Sheet 6 of 9 US 7,203,377 B2

505 504 506
Short Focused Image Long
Unfocused Plane Unfocused
Image Plane Image Plane

Vo)

502
500
Point Light 501a 503a
Source
501b Optical 503b ] 7
Element /

(%2}
—
[o]

= 503c
" F2es  F2 JF%e
701 Short Unfocused Image Plane Correction
F2¢ F *& = F 2
(Optics) (math corr.)  (image corrected)
702 Long Unfocused Image Plane Correction
F2+e, F-& = F 2
(Optics) (math corr.)  (image corrected)

FIG. 7



U.S. Patent Apr. 10, 2007 Sheet 7 of 9 US 7,203,377 B2

505 504 506
Short Focused Image Long
Unfocused Plane Unfocused
Image Plane Image Plane

FIG. 8



U.S. Patent Apr. 10, 2007 Sheet 8 of 9

US 7,203,377 B2

901
Fe = (|Fo| £F«)
FrFT Amplitude Phase
Operator component  component
902
~ Optics —» Math —» Corrected
Correction Result
F 2-¢ ] F € -— F 2
903
Optics » Math —  —  » Corrected
Correction Resulit
(IF2-¢]£F2-c )« (|Fe| £Fe) = F?
904
Amplitude Only > Math 3 Corrected
Image Correction Result
(1F2-¢] ) =(IFe| £ZFe) # F?
H_J
| Missing phase information
08 Amplitude Only —— Phase-Restored ——p Corrected
plmage y Math Correction Result
(IF2-¢]) = (£LF2-¢|Fe|LFe) = F?
. J
Y
(£F2-¢  Fe& )

FIG. 9



US 7,203,377 B2

Sheet 9 of 9

Apr. 10, 2007

U.S. Patent

0L "OId

2409
SNJ04 Pajoallo)d /
UNM Sanjea
apnydwy b1
Jo uonejuasaidoy
a4 leubia
S09

av09 |

e09

(sAeuy) apnydwy
pa}oalion

e m o= ——

9209 —_
UonodII0)  uonRIoISaY
SN204 aseyd
— 3 | (- DD [¢—

€00 | 100}
az09 |
\.
2209

(sAeury) spnydwy
pajoa.iooun

R

N
(=]
©O

sanjeA
apnydwy 1ybiy
10 uonejussaideay
a4 lendig
109

/

abew

pasnooysiy

009




US 7,203,377 B2

1

COMPUTING ARBITRARY FRACTIONAL
POWERS OF A TRANSFORM OPERATOR
FROM SELECTED PRECOMPUTED
FRACTIONAL POWERS OF THE
OPERATOR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. application Ser.
No. 10/665,439 filed Sep. 18, 2003, now U.S. Pat. No.
7,054,504 which is a continuation-in-part of U.S. application
Ser. No. 09/512,775 entitled “CORRECTION OF UNFO-
CUSED LENS EFFECTS VIA FRACTIONAL FOURIER
TRANSFORM” filed Feb. 25, 2000, now U.S. Pat. No.
6,687,418 which claims benefit of priority of U.S. provi-
sional application Ser. Nos. 60/121,680 and 60/121,958,
each filed on Feb. 25, 1999.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to optical signal processing, and
more particularly to the use of fractional Fourier transform
properties of lenses to correct the effects of lens misfocus in
photographs, video, and other types of captured images.

2. Discussion of the Related Art

A number of references are cited herein; these are pro-
vided in a numbered list at the end of the detailed description
of the preferred embodiments. These references are cited at
various locations throughout the specification using a refer-
ence number enclosed in square brackets.

The Fourier transforming properties of simple lenses and
related optical elements is well known and heavily used in
a branch of engineering known as Fourier optics [1,2].
Classical Fourier optics [1,2,3,4] utilize lenses or other
means to obtain a two-dimensional Fourier transform of an
optical wavefront, thus creating a Fourier plane at a particu-
lar spatial location relative to an associated lens. This
Fourier plane includes an amplitude distribution of an origi-
nal two-dimensional optical image, which becomes the
two-dimensional Fourier transform of itself. In the far sim-
pler area of classical geometric optics [1,3], lenses and
related objects are used to change the magnification of a
two-dimensional image according to the geometric relation-
ship of the classical lens-law. It has been shown that between
the geometries required for classical Fourier optics and
classical geometric optics, the action of a lens or related
object acts on the amplitude distribution of images as the
fractional power of the two-dimensional Fourier transform.
The fractional power of the fractional Fourier transform is
determined by the focal length characteristics of the lens,
and the relative spatial separation between a lens, source
image, and an observed image.

The fractional Fourier transform has been independently
discovered on various occasions over the years [5,7,8,9,10],
and is related to several types of mathematical objects such
as the Bargmann transform [8] and the Hermite semigroup
[13]. As shown in [5], the most general form of optical
properties of lenses and other related elements [1,2,3] can be
transformed into a fractional Fourier transform representa-
tion. This property has apparently been rediscovered some
years later and worked on steadily ever since (see for
example [6]), expanding the number of optical elements and
situations covered. It is important to remark, however, that
the lens modeling approach in the latter ongoing series of
papers view the multiplicative phase term in the true form of
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2

the fractional Fourier transform as a problem or annoyance
and usually omit it from consideration.

SUMMARY OF THE INVENTION

Correction of the effects of misfocusing in recorded or
real-time image data may be accomplished using fractional
Fourier transform operations realized optically, computa-
tionally, or electronically. In some embodiments, the inven-
tion extends the capabilities of using a power of the frac-
tional Fourier transform for correcting misfocused images,
to situations where phase information associated with the
original image misfocus is unavailable. For example, con-
ventional photographic and electronic image capture, stor-
age, and production technologies can only capture and
process image amplitude information—the relative phase
information created within the original optical path is lost.
As will be described herein, the missing phase information
can be reconstructed and used when correcting image mis-
focus.

In accordance with some embodiments, algebraic group
properties of the fractional Fourier transform are used to
back-calculate lost original relative phase conditions that
would have existed if a given specific corrective operation
were to correct a misfocused image. Corrective iterations
can then be made to converge on a corrected focus condition.
Simplified numerical calculations of phase reconstructions
may be obtained by leveraging additional properties of the
fractional Fourier transform for employing pre-computed
phase reconstructions.

Some embodiments use the inherent fractional Fourier
transform properties of lenses or related elements or envi-
ronments, such as compound lenses or graded-index mate-
rials, to correct unfocused effects of various types of cap-
tured images. Use of the algebraic unitary group property of
the fractional Fourier transform allows for a simple charac-
terization of the exact inverse operation for the initial
misfocus.

One aspect of the present invention reconstructs relative
phase information affiliated with the original misfocused
optical path in the correction of misfocused images.

Another aspect of the present invention provides for the
calculation of an associated reconstruction of relative phase
information, which would be accurate if an associated trial
fractional Fourier transform power were the one to correct
the focus of the original misfocused image.

Another aspect of the present invention provides for
simplified calculation of the phase reconstruction informa-
tion using algebraic group and antisymmetry properties of
the fractional Fourier transform operator.

Still yet another aspect of the present invention provides
for simplified calculation of the phase reconstruction infor-
mation using modified calculations of fractional powers of
the Fourier transform.

Another aspect of the present invention provides for
simplified calculation of the phase reconstruction informa-
tion by rearranging terms in the calculation of a fractional
Fourier transform operator.

Yet another aspect of the present invention provides for
simplified calculation of the phase reconstruction informa-
tion using a partition of terms in the calculation of a
fractional Fourier transform operator.

Still yet another aspect of the present invention provides
for relevant fractional Fourier transform operations to be
accomplished directly or approximately by means of optical
components, numerical computer, digital signal processing,
or other signal processing methods or environments.
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Yet another aspect of the present invention provides
approximation methods which leverage Hermite function
expansions which can be advantageous in that the orthogo-
nal Hermite functions diagonalize the Fourier transform and
fractional Fourier transform, yielding the following two-fold
result. First, throughout the entire optical system, the ampli-
tude and phase affairs of each Hermite function are com-
pletely independent of those of the other Hermite functions.
Second, the Hermite function expansion of a desired transfer
function will naturally have coefficients that eventually go to
zero, meaning that to obtain an arbitrary degree of approxi-
mation in some situations, only a manageable number of
Hermite functions need be considered.

Another aspect of the present invention allows the power
of the fractional Fourier transform to be determined by
automatic methods. These automatic methods may include
edge detection elements and provisions for partial or com-
plete overriding by a human operator.

Still yet another aspect of the present invention provides
for the fraction Fourier transform power to be determined
entirely by a human operator.

Another aspect of the invention provides for pre-com-
puted values of phase reconstructions corresponding to
pre-computed powers of fractional Fourier transform to be
composed to create phase reconstructions corresponding to
other powers of the fractional Fourier transform.

Another aspect of the present invention provides for at
least one pre-computed power of the fractional Fourier
transform to be used in computing or approximating higher
powers of the fractional Fourier transform.

Yet another aspect of the present invention provides for
pre-computed values of phase reconstructions correspond-
ing to powers of fractional Fourier transform, wherein the
powers are related by roots of the number 2 or in other ways
to leverage fractional expansion.

Still yet another aspect of the present invention provides
for composed phase reconstructions that are realized in
correspondence to binary representations of fractions.

Yet another aspect of the present invention provides for
combining numerical correction of video camera lens mis-
focus with video decompression algorithms to increase
performance and reduce required misfocus-correction com-
putations.

The present invention enables the recovery of misfocused
images obtained from photographs, video, movies, and other
types of captured images. Because a high quality lens or lens
system operates on the amplitude distribution of the source
image as a two-dimensional fractional Fourier transform, the
algebraic unitary group property of the fractional Fourier
transform allows for the exact calculation of the inverse
operation for initial lens misfocus. Additional mathematical
properties of the fractional Fourier transform allow for
different methods of approximation meaningful in the eco-
nomic embodiments of the invention. The system and
method provided herein enable economic and wide-ranging
implementation for after-capture correction of image mis-
focus, for example.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects, features and advantages of
the present invention will become more apparent upon
consideration of the following description of preferred
embodiments taken in conjunction with the accompanying
drawing figures, wherein:

FIG. 1 is a block diagram showing a general lens arrange-
ment and associated image observation entity capable of
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classical geometric optics, classical Fourier optics, and
fractional Fourier transform optics;

FIG. 2 is a block diagram showing an exemplary approach
for automated adjustment of fractional Fourier transform
parameters for maximizing the sharp edge content of a
corrected image, in accordance with one embodiment of the
present invention;

FIG. 3 is a block diagram showing a typical approach for
adjusting the fractional Fourier transform parameters to
maximize misfocus correction of an image, in accordance
with one embodiment of the present invention;

FIG. 4 is a diagram showing a generalized optical envi-
ronment for implementing image correction in accordance
with the present invention;

FIG. 5 is a diagram showing focused and unfocused
image planes in relationship to the optical environment
depicted in FIG. 4;

FIG. 6 is a block diagram showing an exemplary image
misfocus correction process that also provides phase cor-
rections;

FIG. 7 is a diagram showing a more detailed view of the
focused and unfocused image planes shown in FIG. 5;

FIG. 8 is a diagram showing typical phase shifts involved
in the focused and unfocused image planes depicted in FIG.
5;

FIG. 9 shows techniques for computing phase correction
determined by the fractional Fourier transform applied to a
misfocused image; and

FIG. 10 is a block diagram showing an exemplary image
misfocus correction process that also provides for phase
correction, in accordance with an alternative embodiment of
the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

In the following description, reference is made to the
accompanying drawing figures which form a part hereof,
and which show by way of illustration specific embodiments
of the invention. It is to be understood by those of ordinary
skill in this technological field that other embodiments may
be utilized, and structural, electrical, optical, as well as
procedural changes may be made without departing from the
scope of the present invention.

As used herein, the term “image” refers to both still-
images (such as photographs, video frames, video stills,
movie frames, and the like) and moving images (such as
motion video and movies). Many embodiments of the
present invention are directed to processing recorded or
real-time image data provided by an exogenous system,
means, or method. Presented image data may be obtained
from a suitable electronic display such as an LCD panel,
CRT, LED array, films, slides, illuminated photographs, and
the like. Alternatively or additionally, the presented image
data may be the output of some exogenous system such as
an optical computer or integrated optics device, to name a
few. The presented image data will also be referred to herein
as the image source.

If desired, the system may output generated image data
having some amount of misfocus correction. Generated
image data may be presented to a person, sensor (such as a
CCD image sensor, photo-transistor array, for example), or
some exogenous system such as an optical computer, inte-
grated optics device, and the like. The entity receiving
generated image data will be referred to as an observer,
image observation entity, or observation entity.




































