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IMAGE PROCESSING APPARATUS AND
INFORMATION PROCESSING METHOD
FOR IMPROVING RESOLUTION OF
DIRECTION EXHIBITING DEGRADED
RESOLUTION

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application 1s based upon and claims the

benelit of prionty of the prior Japanese Patent Application
No. 2012-141394 filed on Jun. 22, 2012, the entire contents
of which are incorporated herein by reference.

FIELD

The disclosures herein generally relate to an 1mage pro-
cessing apparatus and an information processing method.

BACKGROUND

In 1mages taken by a digital camera or the like, deterio-
rated resolutions may frequently be observed in peripheral
parts of such images. The resolution 1n the peripheral parts
of the image taken by the digital camera or the like may be
likely to be deteriorated since the field angle relies on the
aberrations or the aperture sizes of a lens optical system.
One of the factors of such deteriorated resolution may be
mechanical wvignetting. Mechamical vignetting may be
observed 1n a part of the aperture having a large field angle
in a radial direction. This part of the aperture forms an
clliptic shape, thereby inducing image blurring. Thus, the
resolution 1n the radial direction may deteriorate.

In order to overcome such deterioration of the resolution,
Japanese Laid-open Patent Publication No. 2012-23498
(heremaiter referred to as “Patent Document 17), for
example, discloses an 1image correction technology to cor-
rect an i1mage to adjust a change i PSF (poimnt spread
function) due to an angle of incident light by filtering the

image to be processed with respect to diflerent positions
utilizing different filter data.

RELATED-ART DOCUMENT

Patent Document

Patent Document 1: Japanese Laid-open Patent Publication

No. 2012-23498

Note that resolution has a property that differs according
to different directions. Such a property of the resolution 1s
hereinafter called “resolution amisotropy”. For example, the
resolution 1n a radial direction may differ from the resolution
in a circumierential direction.

Hence, although the image blurring 1s corrected by per-
forming different filtering according to the positions of the
image as disclosed 1n the related art technology, the related
art technology may not be able to improve the resolution
anisotropy.
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On the other hand, 1n order to implement a filtering
function in hardware of the digital camera or the like, the
filtering function 1s convolved with a finite spatial filter so as
to correct the 1mage blurring. This 1s because a large number
of operations may be required for an operation 1 a ire-
quency domain, such as Fourier transform. However, when
the spatial filter having anisotropy 1s limited to a finite
number of elements, deterioration 1n high frequency com-

ponents may be acquired 1n different directions to thereby
induce a directional moire pattern.

SUMMARY

According to one aspect of the present invention, an
image processing apparatus may include an acquisition unit
configured to acquire a {irst finite spatial filter having image
resolution anisotropy; and a calculation unit configured to
compute a second spatial filter by convolving a finite filter
with respect to the first spatial filter, the finite filter having
a sum of elements being 0 and at least two of the elements
being non-0.

The object and advantages of the invention will be
realized and attained by means of the elements and combi-
nations particularly pointed out 1n the appended claims.

It 1s to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory and are not restrictive of the inven-
tion, as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram 1llustrating an example of an optical
system;

FIG. 2 1s a diagram 1illustrating an example of an aperture
according to different positions of an 1image;

FIG. 3 1s a diagram 1illustrating image blurring directions
according to the diflerent positions of the image;

FIG. 4 1s a diagram 1illustrating resolution when a wedge
chart 1s employed;

FIG. 5 1s a diagram illustrating a result of the resolution
measured by the wedge chart;

FIG. 6 1s a diagram 1illustrating deterioration observed at
different 1mage-captured positions;

FIG. 7 1s a diagram 1illustrating an example of the wedge
chart at an end part of the captured image;

FIG. 8 1s a diagram 1llustrating an example of a resolution
analysis result of the wedge chart illustrated i FIG. 7;

FIG. 9 1s a diagram 1llustrating an example of a central
part of the captured image of the wedge chart;

FIG. 10 1s a diagram 1llustrating an example of a resolu-
tion analysis result of the wedge chart illustrated 1n FIG. 9;

FIG. 11 1s a diagram 1illustrating an example of charac-
teristics when an 1mage-blurring function undergoes Fourier
transform;

FIG. 12 1s a diagram illustrating an mnverse number of
K(w):;

FIG. 13 1s a diagram illustrating an inverse filter having
a constant value added to the denominator;

FIG. 14 1s a diagram 1illustrating an inverse filter that
drops gain with a higher frequency;

FIG. 15 1s a diagram illustrating an example of an elliptic
PSF (point spread function);

FIG. 16 1s a diagram 1illustrating an example of charac-
teristics when the elliptic image-blurring function undergoes
Fourier transform;

FIG. 17 1s a diagram illustrating an inverse number of

K(w,0);
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FIG. 18 1s a diagram 1llustrating an inverse filter having
a constant value added to a denominator;

FIG. 19 1s a diagram illustrating an inverse filter that
drops gain with a higher frequency;

FIG. 20 1s a diagram 1illustrating an example of an inverse
filter for improving resolution anisotropy;

FIG. 21 1s a block diagram illustrating a schematic
configuration example of an 1mage pickup apparatus includ-
ing a spatial filter generator;

FI1G. 22 1s a diagram 1illustrating rotations;
FIG. 23 1s a diagram illustrating an example of a two-

dimensional spatial frequency distribution of an inverse
filter K,

TFIV 2

FIG. 24 1s a diagram illustrating an example including
distributions according to spatial frequency directions of the
mverse filter K,

TFIVY

FIG. 25 1s a block diagram illustrating a functional
example of a coetlicient analysis part;

FIG. 26 1s a diagram illustrating a computational proce-
dure of the PSF;

FI1G. 27 1s a diagram 1illustrating an example of an 1image
having 12 imaged wedge charts;

FIG. 28 1s a diagram 1illustrating an example of a spatial
filter table;

FIG. 29 1s a diagram 1illustrating an example of a spatial
filter;

FIG. 30 1s a diagram 1llustrating intensity of a finite spatial
filter;

FIG. 31 is a diagram illustrating an example of a moire
pattern generated 1n a corrected 1mage;

FIG. 32 1s a diagram 1llustrating a resolution analysis
result of the 1image corrected by the finite spatial filter;

FIG. 33 1s a diagram 1llustrating a resolution analysis
result of the image corrected by suppressing the moire
pattern;

FIG. 34 1s a diagram illustrating drastic luminance
changes;

FIG. 35 1s a diagram 1llustrating luminance changes after
the 1mage 1s passed through a high-pass filter;

FIG. 36 1s a block diagram illustrating a schematic
configuration example of an 1mage pickup apparatus includ-
Ing an 1mage processing apparatus according to a first
embodiment;

FIG. 37 1s a block diagram illustrating a schematic
configuration example including a filter controller and a
filter processor according to the first embodiment;

FI1G. 38 1s a diagram 1llustrating intensity of each of pixels
in a finite spatial filter F;

FI1G. 39 1s a diagram 1illustrating intensity of each of pixels
in the finite spatial filter F;

FI1G. 40 1s a diagram 1illustrating an image (a concept) of
a correcting process according to the first embodiment;

FIG. 41 1s a diagram illustrating linear interpolation of a
focused-on pixel;

FIG. 42 1s a diagram illustrating a resolution analysis
result before the 1image correction;

FIG. 43 1s a diagram illustrating a resolution analysis
result after the image correction according to the first
embodiment;

FIG. 44 1s a tlowchart illustrating an example of a filter
computation process according to the first embodiment;

FIG. 45 1s a flowchart illustrating an example of a filter
process according to the first embodiment;

FIG. 46 1s a block diagram illustrating a schematic
configuration example including a filter controller and a
filter processor according to a second embodiment;
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FIG. 47 1s a diagram 1llustrating intensity of each of pixels
in a finite spatial filter F'y;

FIG. 48 15 a diagram 1illustrating an 1mage (a concept) of
a correcting process according to the second embodiment;

FIG. 49 15 a flowchart illustrating an example of a filter
computation process according to the second embodiment;

FIG. 50 1s a tflowchart illustrating an example of a filter
process according to the second embodiment;

FIG. 51 1s a block diagram illustrating a schematic
configuration example ol an 1mage processing apparatus
according to a third embodiment;

FIG. 52 1s a diagram 1llustrating an example of a chart (a
first example);

FIG. 53 1s a diagram 1llustrating an example of a chart (a
second example); and

FIG. 54 1s a diagram 1llustrating an example of a chart (a
third example).

DESCRIPTION OF EMBODIMENTS

Initially, one of the factors that may deteriorate resolution
1s described with reference to FIGS. 1 through 3. FIG. 1 1s
a diagram 1llustrating one example of an optical system.
FIG. 2 1s a diagram 1illustrating an example of an aperture
according to different positions of an 1mage. When the
optical system 1llustrated 1n FIG. 1 1s employed, the aperture
in the center of an optical axis 1s circular. However, the
aperture with a large field angle may induce mechanical
vignetting as illustrated in FIG. 2. The aperture may be
clliptic according to positions of the image, as illustrated 1n
FIG. 2.

FIG. 3 1s a diagram 1illustrating image blurring directions
according to the different positions of the image. When the
optical system 1illustrated 1n FIG. 1 1s employed, and the
aperture 1s narrowed down, the resolution may deteriorate.
As aresult, the image blurring may be likely to be increased
in a radial direction as illustrated in FIG. 3.

Next, a resolution analysis conducted by mventors of the
present application 1s described. The deterioration of the
resolution 1s analyzed in detail by imaging a Siemens star
(hereinafter also called a *“chart”), which consists of a
pattern of lines radiating from a common center and being
distributed (spread) toward the edges of the lines.

FIG. 4 1s a diagram 1illustrating resolution when employ-
ing a wedge chart. In an example illustrated 1n FIG. 4, 1n
order to measure the resolution 1n a direction indicated by an
arrow, plural data may need to be acquired in a direction
perpendicular to the direction indicated by the arrow. In a
wedge-shaped Simens star illustrated 1n FIG. 4, the lines
become narrower the closer to the common center of their
edges. Therelore, the number of lines per pixel umt may
increase as the lines get closer to the common center. The
center ol the wedge-shaped Simens star represents a high
frequency component. Further, the intensity of the lumi-
nance value may decrease as the lines get closer to the
common center of their edges.

As 1llustrated 1n FIG. 4, directional resolution or a MTF
(modulation transfer function) may be analyzed by employ-
ing a subject such as the wedge-shaped chart radiating 1n all
directions.

FIG. 5 1s a diagram 1illustrating a measured result of the
resolution analyzed by the wedge chart. More specifically,
FIG. 5 1s a graph 1llustrating the resolution measured in the
direction illustrated 1n FIG. 4. In FIG. 5, a vertical axis
indicates the luminance value and a horizontal axis indicates
the number of lines (LP: Line Pair) per pixel. This analysis
illustrates a process (IMTF) of the intensity that decreases the
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closer to the center and that deteriorates the higher the
frequency component (1.¢., a rightward direction 1n the
horizontal axis).

FIG. 6 1s a diagram 1llustrating the deterioration of the
intensity according to positions of an 1image. In an example
illustrated 1n FIG. 6, when imaging aligned plural Simens
stars, the resolution of an end part may be analyzed with
respect to the center of the image-captured positions. In the
example 1llustrated 1n FIG. 6, Dx indicates a circumierential
direction and Dy indicates a radial direction. The above
definitions of Dx and Dy are also applied to subsequent
drawings.

The analysis result illustrated 1n FIG. 6 indicates that a
peripheral part of the image including its end parts not only
exhibits deterioration of the resolution but also exhibits
resolution anisotropy. In comparing the resolutions of the
aligned Simens stars, angle dependency may little be
observed 1n the center of the image; however, angle depen-
dency may be observed in the end parts of the image.

FIG. 7 1s a diagram 1illustrating an example of the wedge
chart at the end part of the captured image. The resolution of
the wedge chart illustrated 1n FIG. 7 1s analyzed in an
orthogonal direction of the Dx direction (1.e., the radial
direction) and in an orthogonal direction of the Dy direction
(1.e., the circumierential direction).

FIG. 8 15 a diagram 1llustrating an example of a resolution
analysis result of the wedge chart illustrated in FIG. 7. As
illustrated 1n FIG. 8, the resolution i1n the radial direction
exhibits deterioration greater than the resolution in the
circumierential direction. This indicates that there 1s reso-
lution anisotropy in the end parts of the image, and it 1s
possible to measure the resolution quantitatively.

FIG. 9 1s a diagram 1illustrating an example of the wedge
chart at the central part of the captured image. The resolution
of the wedge chart illustrated 1n FIG. 7 1s analyzed in an
orthogonal direction of the Dx direction (1.e., the radial
direction) and in an orthogonal direction of the Dy direction
(1.e., the circumfierential direction).

FIG. 10 1s a diagram 1illustrating an example of a resolu-
tion analysis result of the wedge chart 1llustrated in FIG. 9.
As 1llustrated 1n FIG. 10, there 1s no such difference between
the resolution 1n the radial direction and the resolution in the
circumierential direction. Thus, the resolution anisotropy
will not be observed in the central part of the image.

Note that 1 order to correct image blurring including the
above-described resolution deterioration, there exists a cor-
recting method by utilizing the point spread function (PSEF).
The PSF 1s a function representing image blurring, for
example. In the following description, such a function
representing 1mage blurring 1s also called an “1mage-blur-
ring function”.

When an original image 1s represented by x, and the PSF
1s represented by k, a blurred image vy 1s an image obtained
by convolving x and k, which 1s represented by the follow-
ing formula (1).

y=kIx

(1)

&: Convolution
The actual 1image 1ncludes noise n; however, the noise n 1s
omitted from the description for convenience of illustration.
The formula (2) 1s obtained by applying Fourier transform
to the formula (1).

Y(0)=K{w)X{m) (2)

m: spatial frequency
Next, an mverse filter K, = may simply be obtained by an
inverse number of K.

K (0)=1/K(w) (3)
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Thus, the Fourier transform X(w) of the original image 1s
computed by the following formula (4), and the inverse
Fourier transform 1s applied to the computed result of the
formula (4) so as to obtain the original image.

X(0)=K; (@) Y{w) (4)

As described above, when the Fourier transform 1s
applied to the PSF to compute an inverse filter function
(heremaiter simply called the “inverse filter”) based on the
iverse number, a division 1s performed in the spatial
frequency, which may induce a division by 0 in the high
frequency domain. The division by O indicates a division 1s
performed by O or a value close to 0. When the high
frequency 1s close to 0, an inverse number may be too large,
which may intensity the noise of the high frequency.

FIG. 11 1s a diagram illustrating an example ol charac-
teristics when the image-blurring function undergoes the
Fourier transform. FIG. 11 illustrates K(w), which approxi-
mates to O in the high frequency.

FIG. 12 1s a diagram illustrating an mmverse number of
K(w). FIG. 12 1illustrates K, represented by the above
formula (3) and having a denominator of approximately O 1n
the high frequency. Accordingly, noise 1n the high frequency
may be increased.

Hence, in order to reduce such noise in the high fre-
quency, a correction factor 1s mtroduced in the denominator
of K, . to prevent the noise from being intensified.

K (0)=1/(K(0)+A) ()

Kinu(0)=K(0)/ (K (@)K (w)+hh)

K(w): Complex conjugate
Since the inverse filter 1s formed of a complex number, the
iverse lilter 1s represented by a complex conjugate.

FIG. 13 1s a diagram 1illustrating an mverse filter having
a constant value added to the denominator. FIG. 14 1s a
diagram 1illustrating an inverse filter that drops gain with a
higher frequency. As illustrated in FIGS. 13 and 14, the
inverse filter lowers the noise by adding weights for each of
the frequency components.

Note that a case 1n which the PSF (point spread function)
1s elliptic 1s considered below. FIG. 15 1s a diagram 1llus-
trating an example of an elliptic PSF. In the example
illustrated 1n FIG. 15, the resolution 1n the Dy direction 1s
lower than the resolution 1n the Dx direction. That is, the
resolution in the Dy direction exhibits deterioration greater
than the resolution 1n the Dx direction.

The elliptic PSF 1s represented by k(r, 0). r represents a
radius and 0 represents a direction. The elliptic PSF may be
represented as a function of the radius r and the direction 0.
When the Fourier transform 1s applied to the elliptic PSE, the
equation K(w, 0)=1k(r, 0) 1s obtained. I represents the
Fourier transform. K(w, 0) obtained aifter the application of
Fourier transform 1s a function of a spatial frequency o and
a direction 0.

FIG. 16 1s a diagram 1illustrating an example of charac-
teristics when the elliptic image-blurring function undergoes
the Fourier transform. The example of FIG. 16 employs the
image-blurring function illustrated i FIG. 15 such that the
characteristics may difler according to a direction 0. As
illustrated 1n FIG. 16, the characteristics in the Dx direction
differ from the characteristics in the Dy direction having the
deteriorated resolution.

FIG. 17 1s a diagram illustrating an inverse number of
K(w, 0). FIG. 17 illustrates K. represented by the above

(6)
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formula (7) and having a denominator of approximately 0 1n
the high frequency. Accordingly, noise 1n the high frequency
may be increased.

K. (0,0)=1/K{(0,0)

IHy?

(7)

Hence, 1n order to reduce such noise in the high fre-

quency, a correction factor 1s mtroduced in the denominator
of K, . so as to prevent the noise from being itensified. The

tollowing formula (8) represents an inverse filter to reduce
the noise in the high frequency.

K, (0,0)=K(®,0)/(K(0,0)K(w,0)+AA) (8)

FIG. 18 1s a diagram 1llustrating an inverse filter having
a constant value added to the denominator. FIG. 19 1s a
diagram 1llustrating an inverse filter that drops gain with a
higher frequency. As illustrated in FIGS. 18 and 19, the
iverse filter lowers the noise by adding weights for each of
the frequency components.

The elliptic image-blurring function (e.g., PSF) may also
reduce the noise 1n the high frequency based on the corrected
weights (A). However, with this correction based on weights
(A), 1t may be dithcult to improve the correction in a
direction having the deteriorated resolution (e.g., the Dy
direction). Hence, it may be diflicult to improve the resolu-
tion anisotropy by simply adding the weights (A). However,
it may be possible to improve the resolution anisotropy by
appropriately adjusting the weight function according to the
different directions.

FIG. 20 1s a diagram 1illustrating an example of an inverse
filter for improving the resolution anisotropy. In the example
illustrated 1in FIG. 20, the gain may be likely to be dropped
with the higher frequency; however, the degraded resolution
in the Dy direction may significantly be improved.

Next, the generation ol a spatial filter for 1improving
resolution anisotropy 1s described. As illustrated 1n FI1G. 20,
an example of a method of dropping the gain may be
described with reference to a device illustrated blow. How-
ever, the method 1s not limited to the example illustrated 1n
FIG. 20. For example, the method of adding the constant
value as 1illustrated 1n FIG. 13 may also improve the reso-
lution anisotropy. In this case, the constant value may be
added such that the resolution in the Dy direction 1s inten-
sified higher than the resolution in the Dx direction.

Spatial Filter Generator

Initially, a spatial filter generator for improving resolution
anisotropy 1s described.

Configuration

FIG. 21 1s a block diagram illustrating a schematic
configuration example of an 1mage pickup apparatus includ-
ing a spatial filter generator. The 1mage pickup apparatus
illustrated in FIG. 21 includes an optical system 1, an image
pickup device 2, an AFE (analog front end) 3, an image
processor 4, a post-processor 3, a drive controller 6, a
controller 7, an 1mage memory 8, a display part 9, and a
coellicient analysis part 10.

The optical system 1 1s configured to converge light on an
image surface from a subject K having radial patterns. For
example, the optical system 1 includes lenses 11a, 11b, 1lc,
and a diaphragm 12. The lenses 11a, 11b, 11c, and the
diaphragm 12 of the optical system 1 converge light from the
subject K to form an image of the subject K onto an image
pickup surface of the image pickup device 2. The drive
controller 6 may be able to control respective positions of
the lenses 11a, 11b, and 11c, and the levels (degrees) of an
aperture stop of the diaphragm 12. Note that the configura-
tion of the optical system 1 1s not limited to a specific
configuration.
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The image pickup device 2 1s configured to convert the
light converged by the optical system 1 from the subject K
into electrical signals (analog signals). The 1mage pickup
device 2 may, for example, include a two-dimensional image
pickup device such as a CCD or CMOS. Such a two-
dimensional 1mage pickup device 1s configured to convert an
image of the subject into electrical signals and output the
converted electrical signals to the AFE 3.

The AFE 3 1s configured to convert the analog signals of
the captured image into digital signals. The AFE 3 may, for
example, include an AD (analog-to-digital) converter 31 and
a timing generator 32. The timing generator 32 1s configured
to generate a timing pulse utilized for driving the image
pickup device 2 based on a control signal from the controller
7 and output the generated timing pulse to the image pickup
device 2 and the AD converter 31.

The 1mage processor 4 1s configured to store an 1mage
formed of the digital signals and perform a predetermined
image process on the image of the digital signals. The image
processor 4 may, for example, include an RAW memory 41
configured to record the converted image (1.e., RAW 1mage)
that 1s converted by the AD converter 31 into the digital
signals. The 1image processor 4 may perform the predeter-
mine process on the RAW 1mage. The image on which the
predetermined process 1s performed 1s recorded 1n the image
memory 8.

The post-processor 3 1s configured to perform a further
necessary process on the image on which the predetermined
process has been performed to generate a display image. The
post-processor 5 may, for example, retrieve from the image
memory 8 the image on which the predetermined process
has been performed, and perform the necessary process on
the retrieved 1image to generate the display image that 1s
output to the display part 9.

The 1mage memory 8 1s configured to store the image
obtained after the predetermined process has been per-
formed on the image. The display part 9 may, for example,
include a VRAM (1.e., a video RAM) configured to record
an 1mage and a display configured to output the image
recorded on the VRAM. Note that the image pickup appa-
ratus does not necessarily include a display function, and
may include a recording part (e.g., the VRAM or the like)
configured to record an image for display instead of the
display part 9.

The drive controller 6 1s configured to control the optical
system 1. The controller 7 1s configured to control the AFE
3, and the post-processor 5.

The coeflicient analysis part 10 1s configured to analyze
resolution 1n different directions at diflerent image-captured
positions from the image of a chart, and determine appro-
priate filter data for improving the resolution amisotropy
based on the analyzed result. The details of the coeflicient
analysis part 10 will be described later.

The filter data may, for example, be a group of parameters
necessary for image correcting filtering such as a deconvo-
lution kernel. The deconvolution kernel may specifically be
expressed by a circular or an elliptic subject 1image distri-
bution domain according to the PSF and data representing
weight each of the pixels in the domain (such data are called
a “deconvolution distribution”).

Inverse Filter

Note that an inverse filter used i1n the embodiment is
described. In the following, a description i1s given of a
procedure to compute the mnverse filter configured to adjust
the direction exhibiting the degraded resolution to improve
the resolution anisotropy. The mverse filter may simply be

called a ““filter”.
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As 1llustrated 1n the formula (1), the original image X, the
PSF k, and the blurred image y are considered. In computing
the original 1mage X, an 1mage approximating the original
image X may be obtained when the following formula (9) 1s
mimmum as an inverse problem.

ly-k&x| 9)

Normally, some kind of a regularization term 1s applied
for solving the inverse problem. Thus, the inverse problem
may be solved by the formula (10) having the additional
regularization term.

ly-kQx|[*+eE(x) (10)

The above problem may require directivity. Hence, dif-
ferential terms of a transverse (horizontal) direction (x
direction), and a longitudinal (vertical) direction (y direc-
tion) are added together with the regularization term 1n the
problem.

|y -k@x|*+e{|d,, x| +ld,, x|} (11)

e: weighting factor
dm, dn: differential filters 1n matrix directions

To minimize the formula (11), a result obtained by dii-
ferentiating partially the formula (11) by x may simply be set
to 0, and the following formula (12) 1s obtained when X(w)

1s solved by the application of the Fourier transform.

B K{ew)Y (w)
- K(w)? + &{D,()? + D,y (w)?}

X() (12)

X(m), Y(w), K(w), Dm(w), and Dn(w) represent Fourier
transformed x, y, dm, and dn, respectively.
The mverse filter K () 1n the frequency domain satis-

IFEV

fies the following formula (13).

X(0)=K;, ()Y (@) (13)

Accordingly, the mverse filter K. (w) satisfies the fol-

lowing formula (14). o

Kiw)
K(w)* + &{D,(w)* + D, (w)*}

(14)

Kinv(m) —

When the formula (14) employs the complex conjugates,
the following formula (15) 1s obtained.

K(w) (15)

K:}w = 7, 5
(@) K(w)K(w) + £{D;, (0)Dyn () + Dy, (w)Dy, ()}

K{(w): Complex conjugate

In this embodiment, 1n order to adjust the direction
exhibiting the degraded resolution, the axis of a differential
coellicient 1s rotated 1nto an angle 0 direction by utilizing a
rotation matrix.

D _(0,0)=D,_(w)cos 6-D, (w)sin O

(16)

D (®,0)=D,,(0)sin 6+D,,(w)cos 6 (17)
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That 1s, the directivity 1s provided by utilizing the rotation
matrix.

FIG. 22 1s a diagram 1illustrating rotations. In the example
illustrated 1 FIG. 22, the Dn direction 1s rotated by 0 such
that the Dn direction becomes the Dy direction, and the Dm
direction 1s rotated by 0 such that the Dm direction becomes
the Dx direction.

Note that the ellipse PSF 1s represented by k(r, 0), and the
cllipse PSEF obtained after the application of the Fourier
transform 1s represented by K(w, 0)=tk(r, 0). When the
formulas (16) and (17), and K(w, 0) are substituted into the
formula (15) as well as setting the weights r according to the
different directions, the following formula (18) 1s obtained.

K(w, 0) (18)

K{w, O)Kiw, 8) +

Kfﬂ‘u‘ ({Ua 9) —

eiDx(w, ODx(w, ) + YDy (w, 6)Dy(w, 6);]

v: weighting factor according to directions of the nverse
filter

e: entire weighting factor

The above formula (18) may be able to implement the
directional weighting adjustment of the inverse filter utilized
in each of the embodiments. For example, the coetlicient
analysis part 10 adjusts the weight v of the direction (Dy
direction) exhibiting the degraded resolution. Hence, 1t may
be possible to improve the direction exhibiting the degraded
resolution by reducing the weighting factor v.

FIG. 23 1s a diagram illustrating an example of a two-

dimensional spatial frequency distribution of an inverse
filter K_ . The example illustrated in FIG. 23 indicates a

IF7y"

case where y=1/300. The weighting factors v and € (espe-
cially v) are determined such that the degraded resolution 1n
the Dy direction 1s improved greater than the degraded
resolution 1n the Dx direction.

FIG. 24 1s a diagram 1illustrating an example of a spatial
frequency directional distribution of the inverse filter K, .
As may be clear from FIG. 24, the degraded resolution in the
Dy direction may exhibit the improvement significantly
higher than that in the Dx direction by reducing the weight-
ing factor of the Dy direction. Further, Dy' in FIG. 24
indicates a distribution 1n a case where v=1. Hence, anisot-
ropy may also be given to the weighting factors by which the
filter parameters of the inverse filter are multiplied according
to the embodiment.

Coellicient Analysis Part

Next, the coellicient analysis part 10 1s illustrated. The
coellicient analysis part 10 1s configured to determine a
spatial filter for improving resolution anisotropy.

FIG. 25 1s a block diagram illustrating a functional
example of the coellicient analysis part 10. The coeflicient
analysis part 10 illustrated 1n FIG. 25 includes a resolution
analysis part 101, and a determination part 102. The coel-
ficient analysis part 10 1s configured to perform the coetl-
cient analysis based on the image including the chart image.
In the following example, the coetlicient analysis 1s per-
formed on a wedge-form 1mage captured 1n the upper leit
position.

The resolution analysis part 101 1s configured to analyze
deteriorated or degraded resolution of the image including a
subject having radial pattern at least 1n two directions. The
technique of the analysis may employ a method described in

FIG. 4 or FIG. 5.
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The resolution analysis part 101 detects the number of
lines per pixel in the horizontal axis and the intensity of
amplitude in the vertical axis to compute a MTF (modula-
tion transier function). The number of lines per pixel may be
the number of lines per unit length at a distance from an
actual position of the subject. Since this embodiment
employs the wedge-shaped radial chart, the directional MTF
illustrated in FIG. § may be analyzed.

FIG. 26 1s a diagram illustrating a computational proce-
dure of PSF (point spread function). In an example 1llus-
trated 1n FIG. 26, the determination part 102 1mitially com-
putes angles and ellipticity according to positions of the
image. The determination part 102 may be able to compute
an ellipse by forming a contour line with a predetermined
threshold (approximately half of the maximum amplitude) in
the MTF computed per predetermined angle.

The determination part 102 may be able to compute
cllipticity based on a longitudinal axis and a short axis of the
computed ellipse. The determination part 102 geometrically
computes an angle 01 based on a position of the 1image. The
determination part 102 may also be able to compute the
angle 01 based on the longitudinal axis and the short axis of
the resolution ellipse. The latter method of computing the
angle 01 based on the longitudinal axis and the short axis of
the resolution ellipse may be able to compute the angle in
compliance with the actual image blurring. As already
illustrated with reference to FIG. 3, the image blurring 1n the
radial direction may be large when a concentric circle 1s
drawn from the center of the optical axis.

The determination part 102 may, for example, compute an
angle between the vertical direction and the radial direction.
Note that the center of the optical axis 1s basically the center
of the image; however, the center of the image may be
deviated (shifted) by the shift of the lens position. The
determination part 102 determines the PSF based on the
computed ellipticity and angle. In this case, the ellipse of the
PSF resides in a direction rotated by 90 degrees from the
direction 1 which the ellipse formed of the contour line
resides.

Referring back to FIG. 25, the determination part 102
determines, based on the resolution analysis result of the
corrected 1mage, filter data having anisotropy of the inverse
filter with respect to the corrected 1image corrected by the
filter (1.e., the above nverse filter) in compliance with the
image blurring function (i.e., PSF).

Further, the determination part 102 determines the
welghting factor (e.g., v) by changing the weighting factor
with respect to a differential direction of the image. For
example, the determination part 102 determines the weight-
ing factor of the Dx direction as 1, and the weighting factor
of the Dx direction as y, and then adjusts the weighting
factor v of the Dx direction. Accordingly, the resolution
anisotropy may be improved.

Further, the determination part 102 determines the
weighting factor by rotating the direction (e.g., 0) with
respect to the differential direction of the image. Accord-
ingly, the direction of the degraded resolution may be
detected and filtering may be performed based on the
detected direction of the degraded resolution.

Specifically, the determination part 102 may determine
appropriate weighting factors € and vy by, for example,
adjusting the weighting factors € and y. The weighting factor
v represents a weighting factor of the filter parameter in the
direction of the degraded resolution. The filter parameter 1n
the direction of the degraded resolution may, for example, be
a complex conjugate of the Dy (w, 0) associated with the
welghting factor v of the formula (18) and 1ts Dy (w, 0).
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Since the determination part 102 determines the weight-
ing factor by adjusting the weighting factor, the determina-
tion part 102 includes an adjustment part 121, an 1mage
correcting part 122, a coeflicient determination part 123, and
a filter determination part 124.

The adjustment part 121 may, for example, adjust the
welghting factor e that does not depend on the directions and
the weighting factor vy that depends on the directions. The
adjustment part 121 sets initial values of the weighting
factors 6 € and v, and transmits the 1nitial values to the image
correcting part 122.

The 1mage correcting part 122 performs the image cor-
rection based on the weighting factors acquired from the
adjustment part 121. The image correcting part 122 corrects
the 1image by filtering the 1image utilizing the inverse filter
illustrated 1n the formula (18). The image correcting part 122
transiers the corrected 1image to the resolution analysis part
101 so as to analyze the deterioration of the resolution again.

The coeflicient determination part 123 determines the
weighting factors based on the resolution analysis result
with respect to the corrected image such that the difference
in the deterioration of the resolution between the two
directions 1s small. The coellicient determination part 123
retains the analysis results of the corrected images corrected
based on various weighting factors, and determines the
weighting factors € and v such that the difference between
the values of the spatial frequency 1s mimimized (a deter-
mination process 1).

Further, the coellicient determination part 123 may deter-
mine the weighting factors € and v such that the difference
between the intensities of the amplitude 1n a predetermined
spatial frequency 1s minimized (a determination process 2).

Note that plural thresholds may be set for each of the
thresholds 1 and 2. The coellicient determination part 123
may determine the weighting factors such that the sum of
squared difference 1n each of the thresholds 1s minimized.
Note that the coeflicient determination part 123 may deter-
mine the weighting factors such that the predetermined
difference 1s less than or equal to the threshold set in
advance. This threshold may be set in the experiments
performed 1n advance.

Further, the coellicient determination part 123 may deter-
mine the weighting factor such that the difference between
the sum of squared difference between two directional
resolutions 1n the central part of the image and the sum of
squared difference between two directional resolutions 1n the
peripheral part of the image differing from the central part of
the 1mage 1s a predetermined value or less. In addition, the
coellicient determination part 123 may determine the
weilghting factors such that the difference between the sum
of squared difference between the central part and the
peripheral part of the image 1s minimized

This 1s because when reducing the resolution anisotropy,
the resolution of the entire image may be uniform by
equating the resolution of the central part of the image with
the resolution of the peripheral part of the image, which may
improve the image quality.

The determination in minimizing the weighting factors
made by the coeflicient determination part 123 may be
computed by utilizing a minimization function or may be
judged by a person. Examples of the minimization function
include a simplex search method (or simplex algorithm), a
steepest-descent method, and a conjugate gradient method.

The determination part 102 1s configured to adjust the
weilghting factor by changing the weighting factor, compute
an inverse lilter based on the adjusted weighting factor,
correct an 1mage by the computed inverse filter, and deter-
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mine an optimal weighting factor based on the resolution
analysis result of the corrected image. The determination
part 102 repeatedly adjusts the weighting factor, computes
the 1inverse filter, corrects the image by the inverse filter, and
analyzing the resolution of the image until determination
part 102 determines the optimal weighting factor.

The filter determination part 104 1s configured to compute
an 1nverse filter K, utilizing the optimal weighting factor
determined by the coeflicient determination part 123, and
then compute an inverse filter k. 1n a spatial domain based
on the mverse filter K, 1n the frequency domain. Note that
the inverse filter k. in the spatial domain 1s heremafter

called a “‘spatial filter”.

:kinv XYy (19)

K(w, ) (20)

Ki{w, O)K(w, ) +

kinv — f_l

E{DX({U:' Q)DX({U:' 9) + }fD}’(wa Q)DY({U:' 9)}

Since the number of taps (elements) 1s extracted from the
computed inverse filter k.. the computed inverse filter k.
1s limited to a finite filter.

Note that the coeflicient analysis part 10 performs the
above processes within the image having a chart. The
coellicient analysis part 10 analyzes the resolution anisot-
ropy at respective positions within the image, and deter-

mines the spatial filter for improving such resolution anisot-
ropy.

The spatial filter for improving the resolution anisotropy
while correcting 1mage blurring may be determined with
respect to predetermined 1mage positions by performing the
alforementioned processes. For example, the coethlicient
analysis part 10 may detect the direction having resolution
degraded greater than the resolutions in other directions so
as to determine the weighting factor to improve the degraded
resolution 1n the detected direction.

The coellicient analysis part 10 performs the spatial filter
computation at respective positions of the image. FIG. 27 1s
a diagram 1llustrating an example of an 1mage having 12
wedge charts. FIG. 27 illustrates only one example of the
image having 12 wedge charts, and the image may have the
number of wedge charts other than 12 insofar as the charts
reside 1n the corresponding divided regions of the image.

The coetlicient analysis part 10 determines filter data in
respective regions having the charts to compute the spatial
filters. The coetlicient analysis part 10 creates a table having
the spatial filters each associated with the corresponding
positions of the image.

FIG. 28 1s a diagram 1illustrating an example of a spatial
filter table. The spatial filter table illustrated in FIG. 28
associates upper left pixel coordinates 1n the regions having
respective charts of the image, and the corresponding spatial
filters computed based on the computed charts 1n the respec-
tive regions. For example, the position (x1, y1) 1s associated
with a spatial filter (FIL1) as illustrated 1n FIG. 28.

Accordingly, the 1mage processing apparatus having the
coellicient analysis part 10 may be able to determine a
spatial filter having improved resolution anisotropy. The
spatial filter having the improved resolution anisotropy 1s
not limited to the above-described example. The spatial filter
having the mmproved resolution anisotropy may be the
spatial filter computed by the technology disclosed in Patent
Document 1 (1.e., Japanese Laid-open Patent Publication
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No. 2012-23498). In such a case, the spatial filter may need
to have resolution anisotropy.

Note that the image processor 4 may, for example, be
formed of a (digital signal processor). In this case, the RAW
memory 41 may be a DSP embedded memory or an external
memory. Further, the post-processor 5, the image memory 8,
the coethicient analysis part 10, the VRAM {for display and
the like may integrally be formed as an integrated DSP
together with the i1mage processor 4. Alternatively, the
coellicient analysis part 10 may be formed as a single unit
or may be formed as the 1image processing apparatus includ-
ing other processors.

Alternatively, the function of the image processor 4 or the
coellicient analysis part 10 may be realized not by a spe-
cifically designated processor such as DSP but by causing a
general-purpose processor such as a CPU (central process-
ing unit) to execute a predetermined program. Similarly, the
drive controller 6, the controller 7, and the post-processor 5
may also be formed of at least one specifically designated
processor or general-purpose processor.

Note that the program causing the processor to function as
the 1mage processor 4 or the coellicient analysis part 10 and
a recording medium recording such a program may also
serve as embodiments of the present mvention. The above
recording medium has a non-transitory configuration, and 1s
not a transitory medium such as a signal 1itself.

Problem of Making Finite Spatial Filter

Next, a problem that may arise when making a finite
spatial filter 1s described. When making the finite spatial
filter having anisotropy, information contained in parts other
than the extracted taps (elements) may be lost (missing).
Since the spatial filter has anisotropy, missing information
may differ in different directions. In addition, a total number
of added elements may difler 1n the different directions.

Since the missing information contains high frequency
information, levels of the correction (correcting degrees)
may differ in different correcting directions when correcting,
the 1mage utilizing the finite spatial filter.

FIG. 29 1s a diagram 1llustrating an example of a spatial
filter. The spatial filter illustrated 1n FIG. 29 includes anisot-
ropy based on the above-described formula (20). In FIG. 29,
the elements of the spatial filter are expressed by different
colors.

FIG. 30 1s a diagram 1llustrating the intensity of the finite
spatial filter. In the example illustrated 1n FIG. 30, when the
number of taps 1s nine, the number of elements correspond-
ing to nine taps (1.€., 9x9) 1s extracted from the center of the
spatial filter. As illustrated 1n FIG. 30, the vertical axis
represents the intensity of the finite spatial filter. When a
finite number of elements 1s extracted from the spatial filter,
information 1s lost in parts indicated by al01. Further, since
the spatial filter exhibits anisotropy, high frequency infor-
mation to be lost may differ in different directions.

Thus, levels of the correction (correcting degrees) may
differ in the different directions when using the finite spatial
filter. As 1llustrated 1n FIG. 31, when the chart 1s corrected
by the spatial filter having nine taps, a moire pattern is
generated. FIG. 31 1s a diagram illustrating an example of a
moire pattern generated in a corrected image. As illustrated
in FIG. 31, a moire pattern 1s generated by making the
spatial filter finite.

FIG. 32 1s a diagram 1illustrating a resolution analysis
result of the 1image corrected by the finite spatial filter. As
illustrated 1n FI1G. 32, correcting degrees of deterioration 1n
the resolution differ 1n different directions.

FIG. 33 1s a diagram 1illustrating a resolution analysis
result of the image corrected by suppressing the moire
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pattern. In the example illustrated in FIG. 33, anisotropy
remains in the resolution as a result of suppressing the

improvement of the high frequency for preventing the moire
pattern from being generated.

In the following, illustrations are given of embodiments 3
of preventing the generation of the moiré pattern when
making the spatial filter finite.

First Embodiment
10

Initially, an outline of preventing the generation of the
moire pattern 1s described. FIG. 34 1s a diagram illustrating
drastic luminance changes. In FIG. 34, parts (e.g., rectan-
gular parts) illustrating the drastic luminance changes
include various high frequency components. 15

As described above, the moire pattern 1s generated
because different high frequency information may be lost in
different directions by making the spatial filter having reso-
lution anisotropy finite. That is, the moire pattern is gener-
ated since levels of the correction (1.e., correcting degrees) 20
of frequency deterioration differ in different directions.

Hence, the parts exhibiting drastic luminance changes
may be reduced and the difference in the levels of the
correction (1.e., correcting degrees) of the high frequency
information between the different directions may be reduced 25
by causing the image to pass through a finite high-pass filter.
Accordingly, generation of the moire pattern due to fre-
quency information deterioration in the different directions
may be prevented.

FI1G. 35 1s a diagram 1llustrating luminance changes after 30
the 1image 1s passed through a high-pass filter. The example
illustrated 1n FIG. 35 illustrates a resultant state after the
luminance changes illustrated in FIG. 34 are differentiated
twice.

Note that the finite high-pass filter may be a finite filter 35
having the sumb of elements being 0, and at least two of the
clements being non-0. In the following, the finite high-pass
filter may be described as an example of the finite filter.

Next, an 1mage pickup apparatus including the image
processing apparatus according to the first embodiment 1s 40
illustrated. In the first embodiment, when making the finite
spatial filter having resolution anisotropy, the generation of
the moire pattern may be prevented by convolving the finite
high-pass filter.

Configuration 45

FIG. 36 1s a block diagram illustrating a schematic
configuration example of an 1mage pickup apparatus includ-
ing the image processing apparatus according to the first
embodiment. In the configuration illustrated in FIG. 36,
clements similar to those of the configuration 1illustrated 1 50
FIG. 21 are provided with the same reference numerals. In
the following, an 1mage processor 13 1n the first embodiment
1s mainly described.

The 1image processor 15 includes a RAW memory 41, a
filter controller 151, and a filter processor 152. The filter 55
controller 151 maintains the spatial filter table illustrated 1n
FIG. 28. The filter controller 151 1s configured to convolve
a finite high-pass filter with respect to each of the spatial
filters 1 the spatial filter table. The filter controller 151
outputs the spatial filter having the high-pass filter con- 60
volved to the filter processor 152. That 1s, the filter controller
151 outputs to the filter processor 152 each of the spatial
filters corresponding to the positions of the image to be
processed.

The filter processor 152 executes {iltering at the respective 65
positions of the image utilizing the finite spatial filters
acquired from the filter controller 151. This may improve the
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different resolution anisotropy at the respective positions of
the image to prevent the generation of the moire pattern,
which may result 1n 1improving the image quality.

Filter Controller and Filter Processor

Next, the filter controller 151 and the filter processor 152
in the first embodiment are 1illustrated. FIG. 37 1s a block
diagram 1llustrating a schematic configuration example
including the filter controller 151 and the filter processor 152
according to the first embodiment. Initially, the filter con-
troller 151 1s 1llustrated. The filter controller 151 includes a
filter storage 201, a filter acquisition part 202, and a filter
calculation part 203.

The filter storage 201 1s configured to store a {first spatial
filter 211, and a second spatial filter 212. The respective
filters may be stored 1n diflerent storage regions of the filter
storage 201. The first spatial filter 211 serves as a spatial
filter having resolution anisotropy. The first spatial filter 211
may, for example, be each of the filters in the spatial filter
table illustrated in FIG. 28. The second spatial filter 212
serves as a filter computed by the filter calculation part 203.
The second spatial filter 212 may, for example, be obtained
by convolving a high-pass filter with the first spatial filter
211.

The filter acquisition part 202 1s configured to acquire a
finite spatial filter having 1mage resolution anisotropy. The
filter acquisition part 202 may, for example, acquire the first
spatial filter 211 from the filter storage 201. The filter
acquisition part 202 outputs the acquired first spatial filter
211 to the filter calculation part 203.

The filter calculation part 203 i1s configured to compute
the second spatial filter 212 by convolving a finite filter
having the sum of elements being 0 and at least two of the
clements being non-0 with respect to the first spatial filter
211 that 1s acquired from the filter acquisition part 202. The
filter calculation part 203 may, for example, compute the
second spatial filter 212 by convolving a finite high-pass
filter with the first spatial filter 211.

The filter calculation part 203 retains the finite high-pass
filters 1n advance. The fimite high-pass filter may, for
example 1 a case of a 3x3 filter, be computed by the
following formula (21) or (22).

0 1 0° (21)
Lap=|1 -4 1
0o 1 0O
1 1 1] (22)
Lap =1 -8 1
1 1

Since the filter according to any angles of directions
processes the anisotropy 1in the embodiment, it 1s preferable
that all the elements of the filter each have non-0 coeflicient.

When the high-pass filter 1s 3x3, the filter calculation part
203 may, for example, determine the spatial filter k_  as 7x7

IFIV

s0 as to compute a 9x9 filter by convolving the two filters
(1.e., the 3x3 high-pass filter and the 7x7 spatial filter). As
described above, the filter calculation part 203 computes a
desired filter (1.e., 9x9 filter 1n this case) having a desired
number of taps by convolving the high-pass filter and the
spatial filters.

Note that the 7x7 spatial filter 1s represented by F,, and
the high-pass filter 1s represented by Lap, and the 9x9 filter
F9 computed by the filter calculation part 203 may be
represented by the following formula (23).

Fy=Lap®F., (23)
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FIG. 38 1s a diagram 1llustrating intensity (a first example)
of each of pixels 1n the finite spatial filter F,. The example
illustrated in FIG. 38 indicates the intensity change between
the two directions (i.e., the horizontal direction Dx, the
vertical direction Dy) of the finite spatial filter. FIG. 39 1s a
diagram 1llustrating intensity (a second example) of each of
pixels 1n the finite spatial filter F,. In the example illustrated
in FIG. 39, the intensity of each of the pixels 1s expressed by
a different color. As i1llustrated 1in FIGS. 38 and 39, since an
extra amount ol correction will not be applied to parts
exhibiting drastic luminance change, 1t may be possible to
make stable correction in the parts exhibiting the drastic
luminance change.

The filter calculation part 203 stores the second spatial
filter F, computed by the atorementioned formula (23) mto
the filter storage 201.

Note that the filter calculation part 203 may be provided
in a separate apparatus, and hence, the second spatial filter
212 computed by the separate apparatus may be stored in the

filter controller 151.

Referring back to FIG. 37, the filter controller 152 1s
illustrated. The filter controller 152 includes a convolution
part 301, and a subtracter 302. The convolution part 301 1s
configured to acquire an 1image from the RAW memory 41,
and convolve the image by the second spatial filter F, to
perform a filter process on the image. The convolution part
152 outputs the filter-processed image to the subtracter 302.

The subtracter 302 subtracts the filter-processed image
from the image acquired from the RAW memory 41 to
generate the corrected 1mage. Note that when X represents
the corrected 1image, and y represent the original image, the
following formula (24) 1s established.

x=y-FyQy (24)

FI1G. 40 1s a diagram 1illustrating an 1image (a concept) of
a correcting process according to the first embodiment. As
illustrated 1n FIG. 40, the filter processor 152 performs a
deconvolution filter process on the original image, and
generates the corrected image by subtracting the filter-
processed 1mage from the original image. The original
image 1s acquired from the RAW memory 41, and the
deconvolution filter 1s the finite spatial filter F.,.

Note that the filter processor 152 may be configured not
to utilize one spatial filter corresponding to each pixel in
cach of the regions of the image, but may instead perform
linear interpolation utilizing neighboring spatial filters to
compute a pixel value of the focused-on pixel.

FI1G. 41 1s a diagram 1illustrating the linear interpolation of
the focused-on pixel. As illustrated in FIG. 41, the filter
processor 152 may, for example, perform linear interpola-
tion according to a distance of each of the pixels by utilizing
the central pixel of each of the regions computed by four
neighboring spatial filters so as to compute a pixel value of
the focused-on pixel. In the example illustrated 1n FIG. 41,
the filter processor 152 linearly interpolates the pixel values
of the regions respectively computed by FIL1, FIL2, FIL3,
and FIL6 to compute the pixel value of the focused-on pixel.

Alternatively, the filter processor 152 may compute the
pixel value of the focused-on pixel after computing the
spatial filters themselves with respect to the focused-on pixel
by performing linear interpolation. Further, in the above
example, the number of neighboring spatial filters 1s four;
however, the number of neighboring spatial filters 1s not
limited to four. The number of neighboring spatial filters
may be any number other than four. In addition, 1n the above
example, the distance 1s subjected to linear interpolation;
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however, any other interpolation methods may be per-
formed. Moreover, the interpolation may be performed on
cach of the further segmented regions or each of the pixels.

Effect

Next, an advantageous eflect of employing the above-
described spatial filter I, 1s described. FIG. 42 1s a diagram
illustrating a resolution analysis result before the image
correction. As illustrated 1n FIG. 42, the resolution in the Dy
direction exhibits deterioration greater than the resolution 1n
the Dx direction.

FIG. 43 1s a diagram 1illustrating a resolution analysis
result after the image correction according to the first
embodiment. The example illustrated in FIG. 43 employs
the fimite spatial filter F,. As illustrated in FIG. 43, the
resolutions in the Dx and Dy directions are both improved,
and the diflerence 1n the resolution between the Dx and Dy
directions 1s decreased. Accordingly, FIG. 43 illustrates that
the resolution anisotropy 1s improved. Further, the resolution
analysis result in FIG. 43 illustrates that the generation of the
moire pattern 1s prevented by the reduction in the drastic
luminance change.

Operations

Next, operations of the image processor 15 according to
the first embodiment are illustrated. FIG. 44 1s a flowchart
illustrating an example of a filter computation process
according to the first embodiment.

In step S101, the filter acquisition part 202 acquires the
first spatial filter 211 from the filter storage 201.

In step S102, the filter calculation part 203 convolves a
finite high-pass filter with the first spatial filter 211.

In step S103, the filter acquisition part 151 determines
whether all the filters of the first spatial filter 211 stored in
the filter storage 201 have been processed. When all the
filters of the first spatial filter 211 have been processed
(“YES” 1 step S103), the filter computation process 1s
ended, whereas when all the filters of the first spatial filter
211 have not been processed (“NO” 1n step S103), step S101
1s processed (back to step S101).

Accordingly, the second spatial filter 212 may be gener-
ated by convolving the high-pass filter with the first spatial
filter 211 at respective positions of the image.

FIG. 45 15 a flowchart illustrating an example of a filter
process according to the first embodiment. In step S201
illustrated 1n FIG. 435, the convolution part 301 determines
the second spatial filter according to a position of a region
of the image to be processed.

In step S202, the convolution part 301 computes pixels of
the regions ol the image to be processed utilizing the
determined filter. At this moment, the filter processor 152
computes a pixel value, after the filter process has been
performed, at a focused-on position within the region by
performing linear interpolation.

In step S203, the convolution part 301 determines
whether the correction has been performed on all the pixels.
When the correction has been performed on all the pixels
(“YES” 1n step S203), step S204 1s processed, whereas when
the correction has been performed not on all the pixels
(“NO” 1n step S203), step S201 1s processed (back to step
S201).

In step S204, the subtracter 302 subtracts a filter-pro-
cessed 1image from the original image to generate a corrected
image.

Accordingly, the corrected image may be generated by
preventing the generation of the moire pattern while improv-

ing the resolution anisotropy.

Second Embodiment

Next, an 1mage pickup apparatus having an image pro-
cessing apparatus according to a second embodiment 1is
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illustrated. In the second embodiment, the filter process is
simplified despite exhibiting an advantageous eflect similar
to that obtained 1n the first embodiment.

Configuration

The i1mage pickup apparatus according to the second
embodiment 1s given with the same reference numeral as
that given to the 1mage pickup apparatus according to the
first embodiment since the 1mage pickup apparatus accord-
ing to the second embodiment 1s similar to the image pickup
apparatus according to the first embodiment.

Filter Controller and Filter Processor

Next, a filter controller 151 and a filter processor 152 1n
the second embodiment are illustrated. FIG. 46 1s a block
diagram 1illustrating a schematic configuration example
including the filter controller 151 and the filter processor 152
according to the second embodiment. Imitially, the filter
controller 151 1s 1llustrated. The f{ilter controller 151
includes a filter storage 401, a filter acquisition part 202, and
a filter calculation part 402.

In configuration illustrated in the second embodiment,
clements similar to those of the configuration 1illustrated 1n
the first embodiment are provided with the same reference
numerals.

The filter storage 401 1s configured to store a third spatial
filter 411 computed by the filter calculation part 402.

The filter calculation part 402 1s configured to compute
the third spatial filter 411 that omits a subtraction process
between the 1images 1n the first embodiment. The subtraction
process may be omitted by modifying the formula as fol-
lows.

Note that in the following formula (23), a filter I, having
the center representing “1” 1s employed.

(25)

When the formula (24) 1s modified with the formula (25),
the following formula (26) 1s obtained.

x=1oWy-Fo@y=(Ip—Fg)Xy (26)
Next, F'y 1s defined by the following formula (27).
F',=I,~F, (27)

When the formula (26) 1s modified with the formula (27),
the following formula (28) 1s obtained.

x=F' Ky (28)

Accordingly, the result similar to that of the first embodi-
ment may be obtained, thereby generating a finite spatial
filter that omits the subtraction process between the images.

The filter calculation part 402 1s configured to compute
the spatial filter F'y represented by the formula (27). The
filter calculation part 402 1s further configured to write the
computed spatial filter F'; 1n the filter storage 401. The
spatial filter F'; 1s the third spatial filter 411.

FI1G. 47 1s a diagram 1llustrating intensity of each of pixels
in the fimite spatial filter F'y. In the example illustrated 1n
FIG. 47, the mtensity of each of the pixels 1s expressed by
a different color.

Referring back to FI1G. 46, the filter controller 152 1n the
second embodiment 1s 1llustrated. The filter controller 152
includes a convolution part 301. The convolution part 501
performs the process indicated by the formula (28) to
generate the corrected 1mage x.
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FIG. 48 1s a diagram 1llustrating an 1mage (a concept) of
a correcting process according to the second embodiment.
As illustrated 1n FIG. 48, the filter processor 152 performs
a deconvolution filter process on the original image to
generate the corrected image. The original image 1s acquired
from the RAW memory 41, and the deconvolution filter 1s
the finite spatial filter F',.

Note that the filter processor 152 may be configured not
to utilize one spatial filter corresponding to each pixel in
cach of the regions of the image, but may instead perform
linear interpolation utilizing neighboring spatial filters to
compute a pixel value of the focused-on pixel 1n a manner

similar to the first embodiment.
Fifect

The second embodiment omits the subtracting process
between the mmages and simply modifies the formula.
Hence, an advantageous eflect similar to that of the first
embodiment may be obtained.

Operations

Next, operations of the image processor 15 according to
the second embodiment are illustrated. FIG. 49 1s a tlow-
chart illustrating an example of a filter computation process
according to the second embodiment.

In step S301, the filter acquisition part 202 acquires a first
spatial filter 211 from the filter storage 401.

In step S302, the filter calculation part 402 convolves a
finite high-pass filter with the first spatial filter 211.

In step S303, the filter calculation part 402 computes the
third spatial filter F'y based on the formula (27).

In step S304, the filter acquisition part 151 determines
whether all the filters of the first spatial filter 211 stored in
the filter storage 401 have been processed. When all the
filters of the first spatial filter 211 have been processed
(“YES” 1 step S304), the filter computation process 1s
ended, whereas when all the filters of the first spatial filter
211 have not been processed (“NO” 1n step S304), step S301
1s processed (back to step S301).

Accordingly, the third spatial filter F'; may be generated
by convolving the high-pass filter with the first spatial filter
211 at respective positions of the 1mage and then subtracting
the convolved filter from the filter 1.

FIG. 50 15 a flowchart illustrating an example of a filter
process according to the second embodiment. In step S401
illustrated in FIG. 50, the convolution part 501 determines
the third spatial filter according to a position of a region of
the 1mage to be processed.

In step S402, the convolution part 301 computes pixels of
the region of the image to be processed utilizing the deter-
mined filter. At this moment, the filter processor 152 com-
putes a pixel value, after the filter process has been per-
formed, at a focused-on position within the region by
performing linear interpolation.

In step S403, the convolution part 501 determines
whether the correction has been performed on all the pixels.
When the correction has been performed on all the pixels
(“YES” 1n step S403), the filter process 1s ended, whereas
when the correction has been performed not on all the pixels
(“NO” 1n step S403), step S401 1s processed (back to step
S401).

Accordingly, the corrected image may be generated by
preventing the generation of the moire pattern while improv-
ing the resolution anisotropy 1n a manner similar to the first
embodiment.

Third Embodiment

Next, an 1mage processing apparatus according to a third
embodiment i1s described. In the third embodiment, a CPU
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(central processing unit), a DSP (digital signal processor), or
the like may perform respective processes of the aforemen-
tioned coetlicient analysis part 10 and the 1mage processor
15 1n the first or the second embodiment

Configuration

FIG. 31 1s a block diagram illustrating a schematic
configuration example of the image processing apparatus
according to the third embodiment. The 1mage processing
apparatus 1llustrated in FIG. 51 includes a controller 602, a
main storage 604, an auxiliary storage 606, a communica-
tion part 608, a recording medium IF part 610, and a camera
IF part 612. The above parts of the 1mage processing
apparatus according to the third embodiment are connected
with one another via a bus such that they are configured to
mutually transmit or receive data with one another via the
bus. The 1image processing apparatus according to the third
embodiment may be an apparatus having an information
processing function such as a PC (personal computer) or a
server, a smartphone, or a tablet terminal.

The controller 602 may serve as a CPU (central process-
ing umt), or the like configured to perform controls of the
various devices or operations or manipulation of data within
a computer. The controller 602 may also serve as an oper-
ating unit configured to execute programs stored 1n the main
storage 604 or the auxiliary storage 606.

The controller 602 may, for example, implement the
above-described processes by executing a program for per-
forming a coeflicient analysis process or an 1mage process
stored 1n the auxiliary storage 606.

The main storage 604 may, for example, be a ROM (read
only memory) and a RAM (random access memory) serving
as a storage device configured to store or temporarily store
programs to be executed by the controller 602 such as an OS
(operating system) that 1s basic software and application
software.

The auxiliary storage 606 may be a HDD (hard disk
drive), or the like serving as a storage device configured to
store data associated with the application software, and the
like. The auxiliary storage 606 may also store programs for
performing the coeflicient analysis process or the image
process acquired from a recording medium 614.

The communication part 608 may perform wired or
wireless communications. The communication part 608

may, for example, acquire plural images from a server, and
store the acquired 1images 1n the auxiliary storage 608, or the
like.

A recording medium IF (interface) part 610 1s configured
to serve as an interface between a recording medium 614
(e.g., a flash memory) connected via a transmission channel
such as a USB (universal serial bus) and the image process-
ing apparatus.

Further, a predetermined program stored 1n the recording
medium 614 may be installed in the image processing
apparatus via the recording medium IF part 610. The pre-
determined 1nstalled program may be executable by the
Image processing apparatus.

The camera IF part 612 1s configured to serve an interface
for performing communications with a camera 616. The
camera IF part 612 acquires from the camera 616 the chart
images captured by the camera 616 or normal i1mages
subject to correction and stores the acquired 1mages in the
auxiliary storage 606.

The camera 616 1s configured to capture the chart images
illustrated 1n FIG. 6, or normal landscapes or individuals.
The captured 1mages are icorporated into the 1mage pro-
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cessing apparatus via the camera IF part 612. Note that the
camera 616 may be embedded in the image processing
apparatus.

Hence, the image processing apparatus may be able to
acquire the chart image to compute spatial filters at respec-
tive positions, and correct the image subject by utilizing the
computed spatial filters.

Accordingly, programs for implementing the above-de-
scribed coeflicient analysis process and the image process
may be stored in the recording medium, which may cause a
computer to implement the above-described coetlicient
analysis process and 1mage process.

The above programs may, for example, be recorded on the
recording medium, allowing the computer, a mobile termi-
nal, a smartphone, or a tablet terminal to read the programs
from the recording medium, thereby implementing the
above-described coellicient analysis process and 1image pro-
CEesS.

Note that various types of recording media may be used
as the above recording medium, examples of which include
a recording medium optically, electronically or magnetically
recording information such as a CR-ROM (compact disk
read-only memory), a flexible disk, and a magneto-optical
disk, or semiconductor memory or the like electrically
recording information such as a ROM (read-only memory),
a flash memory or the like. Such media do not include
non-transitory media such as a carrier wave.

Further, charts illustrated in FIGS. 52 to 54 may be
employed as examples of the chart. FIG. 52 1s a diagram
illustrating an example of the chart (a first example). The
resolution of the chart illustrated 1n FIG. 52 may be analyzed
at least 1n two directions.

FIG. 53 1s a diagram 1illustrating another example of the
chart (a second example). The resolution of the chart 1llus-
trated 1n FIG. 533 may be analyzed 1n all radial directions.
The chart illustrated in FIG. 53 1s suitable for the resolution
analysis.

FIG. 54 1s a diagram 1illustrating another example of the
chart (a third example). The chart illustrated 1n FIG. 54 has
a difference 1n the resolution between 1ts central part and 1ts
peripheral part. The chart illustrated in FIG. 53 (1.e., the
second example) may be suitable for the resolution analysis
according to the embodiments; however, the analysis of the
resolution anisotropy may be conducted on the charts 1llus-
trated 1n FI1G. 52 (1.¢., the first example) and 1n FIG. 54 (1.¢.,
the third example)

According to the technology disclosed above, the genera-
tion of the moire pattern may be prevented when a spatial
filter having resolution anisotropy 1s limited to a finite
spatial filter.

As described above, the examples and embodiments of
the 1image processing apparatus, the image pickup apparatus,
the information processing method, and the non-transitory
recording medium storing a program for performing the
information processing method have been described 1n
detail; however, 1t should not be construed that the present
invention 1s limited to those specific examples and embodi-
ments described above. Various changes or alternations may
be made within the scope of the invention. Further, all or
parts of the elements recited in the embodiments may be
combined.

All examples and conditional language recited herein are
intended for pedagogical purposes to aid the reader 1n
understanding the invention and the concepts contributed by
the inventor to furthering the art, and are to be construed as
being without lmmitation to such specifically recited
examples and conditions, nor does the organization of such
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examples 1n the specification relate to a showing of the
superiority or inferiority of the invention. Although the
embodiments of the present mnvention have been described
in detail, 1t should be understood that the various changes,
substitutions, and alterations could be made hereto without
departing from the spirit and scope of the invention.

What 1s claimed 1s:

1. An 1mage processing apparatus, comprising:

[an] a first acquisition unit configured to acquire a first
finite spatial filter [having image resolution anisotropy]}
by making a spatial filter finite, so that the first finite
spatial filter is limited to a finite number of elements
less than or equal to an element number of the spatial
filter being calculated from an inverse function of a
function vepresenting image blurving and used to
improve anisotropy of a resolution of anrn image 1n
which [an image] /e resolution varies as a function of
separation and direction relative to a center of an
image; and

[a calculation] a second acquisition unit configured to
[compute] acquire a second spatial filter by convolving
a finite high-pass filter with respect to the first finite
spatial filter, the finite high-pass filter having a sum of
clements being 0 and at least two of the elements being
non-0, the second spatial filter [being smaller than the
first finite spatial filter and the finite high-pass filter]
improving the vesolution differing in different directions
and reducing a moiré pattern for the first finite spatial
filter, the moirvé pattern being genervated by a correction
causing detevioration in high frequency components in
the differvent directions.

2. The 1image processing apparatus as claimed 1n claim 1,

wherein

the finite high-pass filter 1s a high-pass filter having all the
clements being non-0 coetlicients.

3. The image processing apparatus as claimed 1n claim 1,

wherein

the calculation unit computes a third spatial filter by
subtracting the second spatial filter from a filter having
a central element being 1 and elements other than the
central element being O.

4. The 1image processing apparatus as claimed in claim 1,

turther comprising:

a filter processor configured to perform a filter process on
an 1nput 1mage utilizing the second spatial filter and
subtract a filter-processed 1mage from the mput 1mage
to generate a corrected 1mage.

5. The 1mage processing apparatus as claimed 1n claim 3,

turther comprising;:
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a filter processor configured to perform a filter process on
an input 1mage utilizing the second spatial filter to
generate a corrected 1mage.

6. An image pickup apparatus, comprising:

the 1image processing apparatus as claimed in claim 1; and

an 1mage pickup unit.

7. A non-transitory computer-readable storage medium
that stores a program which, when executed by a processor,
causes a computer to perform a process comprising:

acquiring a first finite spatial filter [having image resolu-
tion anisotropy] by making a spatial filter finite, so that
the first finite spatial filter is limited to a finite number
of elements less than or equal to an element number of
the spatial filter being calculated from an inverse
function of a function vepresenting image blurring and
used to improve anisotropy of a resolution of an image
in which [an image] ke resolution varies as a function
of separation and direction relative to a center of an
image; and

[computing] acquiring a second spatial filter by convolv-
ing a finite high-pass filter with respect to the first finite
spatial filter, the finite high-pass filter having a sum of
clements being 0 and at least two of the elements being
non-0, the second spatial filter [being smaller than the
first finite spatial filter and the finite high-pass filter}
improving the vesolution differing in different directions
and reducing a moiré pattern for the first finite spatial
filter, the moiré pattern being generated by a correction
causing deterioration in high frequency components in
the diffevent directions.

8. An information processing method executed by a

computer, the information processing method comprising:

acquiring a first finite spatial filter [having image resolu-
tion anisotropy] by making a spatial filter finite, so that
the first finite spatial filter is limited to a finite number
of elements less than or equal to an element number of
the spatial filter being calculated from an inverse
function of a function rvepresenting image blurring and
used to improve anisotropy of a vesolution of an image
in which [an image] ke resolution varies as a function
of separation and direction relative to a center of an
image; and

[computing] acquiring a second spatial filter by convolv-
ing a finite high-pass filter with respect to the first finite
spatial filter, the finite high-pass filter having a sum of
clements being O and at least two of the elements being,
non-0, the second spatial filter [being smaller than the
first finite spatial filter and the finite high-pass filter}
improving the resolution differing in different divections
and reducing a moiré pattern for the first finite spatial
filter, the moirvé pattern being genervated by a correction
causing deterioration in high frequency components in
the diffevent directions.
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