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RELATIVE OPTICAL PATH PHASE
RECONSTRUCTION IN THE CORRECTION
OF MISFOCUSED IMAGES USING
FRACTIONAL POWERS OF THE FOURIER
TRANSFORM

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. appli-
cation Ser. No. 09/512,775 entitled “CORRECTION OF
UNFOCUSED LENS EFFECTS VIA FRACTIONAL FOU-
RIER TRANSFORM” filed Feb. 25, 2000, now U.S. Pat.
No. 6,687,418, which claims benefit of priority of U.S.
provisional applications 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
the fractional Fourier transform as a problem or annoyance
and usually omit it from consideration.
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2
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.

Yet another aspect of the present invention provides
approximation methods which leverage Hermite function
expansions which can be advantageous in that the orthogo-










































