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1
LENS DISTORTION CORRECTION DEVICE
AND APPLICATION PROCESSOR HAVING
THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a continuation application of U.S.
patent application Ser. No. 14/605,173, filed on Jan. 26,
2015, which claims the priority under 35 U.S.C. § 119 to
Korean Patent Application No. 10-2014-0071040 filed on
Jun. 11, 2014 in the Korean Intellectual Property Office
(KIPO), the contents of which are herein incorporated by
reference in their entirety.

BACKGROUND

Field

Embodiments of the present inventive concepts relate to
a lens distortion correction device. More particularly, the
embodiments of the present inventive concepts relate to a
lens distortion correction device that corrects a distorted
image into an undistorted image using a Gaussian interpo-
lation kernel and enhances the undistorted image based on a
local self-similarity (ILSS) and an application processor
having the same.

Description of Related Art

A wide-angle lens has become popular for photography as
well as various digital imaging devices, such as surveillance
systems, vehicle rearview cameras, and endoscopes.

Despite many advantages, wide-angle view images
acquired by a single camera have radial distortion in the
peripheral region, which results in significant degradation of
image quality.

SUMMARY

Some embodiments of the present inventive concepts
provide a lens distortion correction device that corrects a
distorted image into an undistorted image using a Gaussian
interpolation kernel and enhances the undistorted image
based on a local self-similarity (LSS).

Some embodiments of the present inventive concepts
provide an application processor having the lens distortion
correction device.

Some embodiments of the present inventive concepts
provide a mobile device having the application processor.

Some embodiments of the present inventive concepts
provide an image sensor module having the lens distortion
correction device.

According to an aspect of the present inventive concepts,
a lens distortion correction device includes a distortion
correction unit configured to correct a distorted image into
an undistorted image and an image enhancement unit con-
figured to enhance the undistorted image using a high-
frequency component of the distorted image.

In some embodiments, a degree of distortion is deter-
mined according to a distortion ratio of a distance from a
center of the distorted image to a distance from a center of
the undistorted image.

In some embodiments, the distortion correction unit cor-
rects a distorted image into an undistorted image using a
Gaussian interpolation kernel and controls a size of the
Gaussian interpolation kernel according to the degree of
distortion.

In some embodiments, the distortion correction unit
increases the size of the Gaussian interpolation kernel when
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the distortion ratio is greater than 1 and reduces the size of
the Gaussian interpolation kernel when the distortion ratio is
smaller than 1.

In some embodiments, a plurality of patches in the
distorted image and a plurality of patches in the undistorted
image each include a low-frequency component and the
high-frequency component.

In some embodiments, the image enhancement unit con-
figured to search for a patch having a closest integration
value to an integration value of a patch in the undistorted
image in a localized region in the distorted image, and
enhance the undistorted image using the high-frequency
component of the searched patch of the distorted image.

In some embodiments, the image enhancement unit com-
bines the low-frequency component of a patch in the undis-
torted image with the high-frequency component of the
searched patch of the distorted image and removes a blurring
artifact from the undistorted image.

In some embodiments, the lens distortion correction
device is applied to a super-resolution device.

According to another aspect of the present inventive
concepts, an application processor includes a lens distortion
correction device configured to receive an image signal from
an image sensor, and the lens distortion correction device
comprises a distortion correction unit configured to correct
a distorted image into an undistorted image and an image
enhancement unit configured to enhance the undistorted
image using a high-frequency component of the distorted
image.

In some embodiments, a degree of distortion is deter-
mined according to a distortion ratio of a distance from a
center of the distorted image to a distance from a center of
the undistorted image.

In some embodiments, the distortion correction unit cor-
rects the distorted image into the undistorted image using a
Gaussian interpolation kernel, controls a size of the Gauss-
ian interpolation kernel according to the degree of distortion,
increases the size of the Gaussian interpolation kernel when
the distortion ratio is greater than 1, and reduces the size of
the Gaussian interpolation kernel when the distortion ratio is
smaller than 1.

In some embodiments, a plurality of patches in the
distorted image and a plurality of patches in the undistorted
image each include a low-frequency component and a
high-frequency component.

In some embodiments, the image enhancement unit is
configured to search for a patch having a closest integration
value to an integration value of a patch in the undistorted
image in a localized region in the distorted image, and
enhance the undistorted image using a high-frequency com-
ponent of the searched patch of the distorted image.

In some embodiments, the image enhancement unit com-
bines the low-frequency component of a patch in the undis-
torted image with the high-frequency component of the
searched patch of the distorted image and removes a blurring
artifact from the undistorted image.

According to another aspect of the present inventive
concepts, a mobile device includes an image sensor config-
ured to receive an image through a wide-angle lens and an
application processor configured to receive an image signal
from the image sensor and perform image processing on the
received image signal, and the application processor
includes a distortion correction unit configured to correct a
distorted image into an undistorted image and an image
enhancement unit configured to enhance the undistorted
image using a high-frequency component of the distorted
image.
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In some embodiments, a degree of distortion is deter-
mined according to a distortion ratio of a distance from a
center of the distorted image to a distance from a center of
the undistorted image.

In some embodiments, the distortion correction unit cor-
rects the distorted image into the undistorted image using a
Gaussian interpolation kernel, controls a size of the Gauss-
ian interpolation kernel according to the degree of distortion,
increases the size of the Gaussian interpolation kernel when
the distortion ratio is greater than 1, and reduces the size of
the Gaussian interpolation kernel when the distortion ratio is
smaller than 1.

In some embodiments, a plurality of patches in the
distorted image and a plurality of patches in the undistorted
image each include a low-frequency component and the
high-frequency component.

In some embodiments, the image enhancement unit is
configured to search for a patch having a closest integration
value to an integration value of a patch in the undistorted
image in a localized region in the distorted image, and
enhance the undistorted image using the high-frequency
component of the searched patch of the distorted image.

In some embodiments, the image enhancement unit com-
bines the low-frequency component of a patch in the undis-
torted image with the high-frequency component of the
searched patch of the distorted image and removes a blurring
artifact from the undistorted image.

According to another aspect of the present inventive
concepts, an image sensor module includes an image sensor
configured to receive an image through a wide-angle lens
and a lens distortion correction device configured to receive
a distorted image from the image sensor, and the lens
distortion correction device includes a distortion correction
unit configured to correct the distorted image into an undis-
torted image and an image enhancement unit configured to
enhance the undistorted image using a high-frequency com-
ponent of the distorted image.

In some embodiments, a degree of distortion is deter-
mined according to a distortion ratio of a distance from a
center of the distorted image to a distance from a center of
the undistorted image.

In some embodiments, the distortion correction unit cor-
rects the distorted image into the undistorted image using a
Gaussian interpolation kernel, controls a size of the Gauss-
ian interpolation kernel according to the degree of distortion,
increases the size of the Gaussian interpolation kernel when
the distortion ratio is greater than 1, and reduces the size of
the Gaussian interpolation kernel when the distortion ratio is
smaller than 1.

In some embodiments, a plurality of patches in the
distorted image and a plurality of patches in the undistorted
image each include a low-frequency component and the
high-frequency component, and the image enhancement unit
is configured to search for a patch having a closest integra-
tion value to an integration value of a patch in the undis-
torted image in a localized region in the distortion image,
and enhance the undistorted image using the high-frequency
component of the searched patch of the distorted image.

In some embodiments, the image enhancement unit com-
bines the low-frequency component of a patch in the undis-
torted image with the high-frequency component of the
searched patch of the distorted image and removes a blurring
artifact from the undistorted image.

According to another aspect of the present inventive
concepts, there is provided a lens distortion correction
device including a distortion correction unit configured to
correct a distortion in a distorted image using a Gaussian
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interpolation kernel and generate an undistorted image, and
an image enhancement unit configured to improve the
undistorted image using a high-frequency component of the
distorted image.

In some embodiments, the distortion correction unit deter-
mines a degree of distortion according to a distortion ratio of
a distance from a center of the distorted image to a distance
from a center of the undistorted image.

In some embodiments, the distortion correction unit cor-
rects the distorted image into the undistorted image using a
Gaussian interpolation kernel, controls a size of the Gauss-
ian interpolation kernel according to the degree of distortion,
increases the size of the Gaussian interpolation kernel when
the distortion ratio is greater than 1, and reduces the size of
the Gaussian interpolation kernel when the distortion ratio is
smaller than 1.

In some embodiments, a plurality of patches in the
distorted image and a plurality of patches in the undistorted
image each include a low-frequency component and a
high-frequency component and the image enhancement unit
is configured to search for a patch having a closest integra-
tion value to an integration value of a patch in the undis-
torted image in a localized region in the distorted image, and
improve the undistorted image using a high-frequency com-
ponent of the searched patch of the distorted image.

In some embodiments, the image enhancement unit com-
bines the low-frequency component of a patch in the undis-
torted image with the high-frequency component of the
searched patch of the distorted image and removes a blurring
artifact from the undistorted image.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other features and advantages of the
inventive concepts will be apparent from the more particular
description of preferred embodiments of the inventive con-
cepts, as illustrated in the accompanying drawings in which
like reference characters refer to the same parts throughout
the different views. The drawings are not necessarily to
scale, emphasis instead being placed upon illustrating the
principles of the inventive concepts.

FIG. 1 is a block diagram illustrating a mobile device
including a lens distortion correction device according to an
example embodiment of the present inventive concepts.

FIG. 2 is a conceptual diagram illustrating an operation
for correcting a distorted image using the lens distortion
correction device illustrated in FIG. 1 according to an
example embodiment of the present inventive concepts

FIG. 3A illustrates an undistorted image.

FIG. 3B is a graph illustrating a distortion ratio o accord-
ing to a distance from a center of the undistorted image
illustrated in FIG. 3A.

FIG. 4 illustrates a Gaussian interpolation kernel function.

FIG. 5 is a conceptual diagram illustrating an operation
for enhancing an undistorted image using the lens distortion
correction device illustrated in FIG. 1 according to an
example embodiment of the present inventive concepts.

FIG. 6 illustrates a patch in a distorted image and a patch
in an undistorted image illustrated in FIG. 5.

FIG. 7A illustrates a first distorted image.

FIG. 7B illustrates a corrected image which is corrected
using a bilinear interpolation on the image illustrated in FI1G.
7A.

FIG. 7C illustrates a corrected image which is corrected
using a high-order interpolation on the image shown in FIG.
7A.
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FIG. 8 is a block diagram illustrating an image sensor
module including a wide-angle lens distortion correction
device according to an example embodiment of the present
inventive concepts.

FIG. 9 is a block diagram of a mobile device including the
lens distortion correction device illustrated in FIG. 1 accord-
ing to an example embodiment of the present inventive
concepts.

FIG. 10 is a block diagram of a mobile device including
the lens distortion correction device illustrated in FIG. 1
according to an example embodiment of the present inven-
tive concepts.

FIG. 11 is a block diagram illustrating a camera system
according to an example embodiment of the present inven-
tive concepts.

FIG. 12 is a display device including the lens distortion
correction device illustrated in FIG. 8 according to an
example embodiment of the present inventive concepts.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

Various example embodiments will be described more
fully hereinafter with reference to the accompanying draw-
ings, in which some example embodiments are shown. The
present inventive concepts may, however, be embodied in
many different forms and should not be construed as limited
to the example embodiments set forth herein.

It will be understood that, although the terms “first,”
“second,” “A,” “B,” etc., may be used herein to describe
various elements, components, regions, layers and/or sec-
tions, these elements, components, regions, layers and/or
sections should not be limited by these terms. These terms
are only used to distinguish one element, component, region,
layer or section from another element, component, region,
layer or section. Thus, a first element, component, region,
layer or section discussed below could be termed a second
element, component, region, layer or section without depart-
ing from the teachings of the present inventive concepts.

It will be understood that when an element or layer is
referred to as being “on,” “connected to” or “coupled to”
another element or layer, it can be directly on, connected or
coupled to the other element or layer or intervening elements
or layers may be present. In contrast, when an element or
layer is referred to as being “directly on,” “directly con-
nected to” or “directly coupled to” another element or layer,
there are no intervening elements or layers present. The
terminology used herein is for the purpose of describing
particular example embodiments only and is not intended to
be limiting of the present inventive concepts. As used herein,
the singular forms “a,” “an” and “the” are intended to
include the plural forms as well, unless the context clearly
indicates otherwise. It will be further understood that the
terms “comprises” and/or “comprising,” when used in this
specification, specify the presence of stated features, inte-
gers, steps, operations, elements, and/or components, but do
not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components,
and/or groups thereof.

Spatially relative terms, such as “beneath,” “below,”
“lower,” “above,” “upper” and the like, may be used herein
for ease of description to describe one element’s or feature’s
relationship to another element(s) or feature(s) as illustrated
in the figures. It will be understood that the spatially relative
terms are intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the figures. For example, if the device in the
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figures is turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the example
term “below” can encompass both an orientation of above
and below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

Example embodiments are described herein with refer-
ence to cross-sectional illustrations that are schematic illus-
trations of idealized example embodiments (and intermedi-
ate structures). As such, variations from the shapes of the
illustrations as a result, for example, of manufacturing
techniques and/or tolerances, are to be expected. Thus,
example embodiments should not be construed as limited to
the particular shapes of regions illustrated herein but are to
include deviations in shapes that result, for example, from
manufacturing. The regions illustrated in the figures are
schematic in nature and their shapes are not intended to
illustrate the actual shape of a region of a device and are not
intended to limit the scope of the present inventive concepts.

Meanwhile, when it is possible to implement an embodi-
ment in any other way, a function or an operation specified
in a specific block may be performed differently from a flow
specified in a flowchart. For example, consecutive two
blocks may actually perform the function or the operation
simultaneously, and the two blocks may perform the func-
tion or the operation conversely according to a related
operation or function.

Some embodiments of the present inventive concepts will
be described below with reference to attached drawings.

FIG. 1 is a block diagram illustrating a mobile device 100
including a lens distortion correction device according to an
example embodiment of the present inventive concepts.

Referring to FIG. 1, the mobile device 100 may include a
wide-angle lens 10, an image sensor 20, and an image
processor 30. In some embodiments, the mobile device 100
may be, for example, a digital camera device, a smart-phone,
a tablet, or the like.

The focal length of the wide-angle lens 10 may be shorter
than the focal length of a standard lens. Using the wide-
angle lens 10 results in more of the scene being photo-
graphed to being included in the photograph, and is useful
in, for example, architectural, interior, and landscape pho-
tography. In some embodiments, the wide-angle lens 10 may
include, for example, a fish-eye lens.

The image sensor 20 may acquire or receive an image of
a subject through a wide-angle lens 10. In general, a picture
taken using a wide-angle lens produces a distorted image.
Thus, due to the use of the wide-angle lens 10, the image
may be distorted. The image sensor 20 transfers the distorted
image DI to the image processor 30. In some embodiments,
the image sensor 20 may include, for example, a comple-
mentary metal-oxide-semiconductor (CMOS) image sensor
and/or a charge-coupled device (CCD) image sensor.

The image processor 30 may include a lens distortion
correction device 40 configured, or otherwise constructed
and arranged, to correct the distorted image DI generated by
the wide-angle lens 10. In some embodiments, the image
processor 30 may be fabricated as one independent chip. In
some embodiments, the image processor 30 may be imple-
mented as a functional block in an application processor. In
some embodiments, the image sensor 20 may include the
image processor 30.

The lens distortion correction device 40 according to the
example embodiment of the present inventive concepts may
correct a distortion in an image using scalable Gaussian
interpolation kernels and may enhance edges of the image
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using self-examples based on a local self-similarity (LSS).
The lens distortion correction device 40 includes a distortion
correction unit 41 and an image enhancement unit 42.

Specifically, the distortion correction unit 41 may gener-
ate an undistorted image Ul by applying space-varying
Gaussian interpolation kernels to the distorted image DI. In
some embodiments, the lens distortion correction device 40
may be applied to a super-resolution device. The distortion
correction unit 41 according to the example embodiment of
the inventive concepts will be described hereinafter in
connection with FIG. 2.

The image enhancement unit 42 may improve a boundary
line using a self-example based on the LSS. The image
enhancement unit 42 according to the example embodiment
of the present inventive concepts will be described herein-
after in connection with FIGS. 5 and 6.

FIG. 2 is a conceptual diagram illustrating an operation
for correcting a distorted image using the lens distortion
correction device 40 illustrated in FIG. 1 according to an
example embodiment of the present inventive concepts.

Referring to FIGS. 1 and 2, a central region A of the
distorted image DI was expanded a lot in the distorted
image, but a peripheral region B of the distorted image DI
was minimized in the distorted image. Accordingly, the
distortion correction unit 41 increases the size of the Gauss-
ian interpolation kernel with regard to the central region A
of the distorted image DI which has a relatively large
amount of distortion. The distortion correction unit 41
decreases the size of the Gaussian interpolation kernel with
regard to the peripheral region B of the distorted image DI
which has a relatively small amount of distortion.

The distortion correction unit 41 may be configured to or
otherwise constructed and arranged to, map pixels in the
undistorted image UI to pixels in the distorted image DI. A
pixel in the undistorted image UI, which is mapped to a pixel
in the distorted image DI, may be used as a pixel for
generating the undistorted image UI.

However, off-grid pixels in the undistorted image Ul, that
is, a pixel unmapped to a pixel in the distorted image DI,
may be calculated using the Gaussian interpolation kernel
GIK. For example, pixels A and B of the undistorted image
UT are off-grid pixels.

For example, when a pixel in a central region A of the
undistorted image Ul does not correspond to one of the
pixels in the distorted image DI, the distortion correction
unit 41 may calculate an integration value of an unmapped
pixel of the undistorted image Ul by applying the Gaussian
interpolation kernel GIK to pixels around the central region
A.

In this embodiment, the Gaussian interpolation kernel
GIK may be a weight based on pixels located around the
central region A. The distortion correction unit 41 may
calculate a weighted average based on each of the pixels
located around the central region A. The distortion correc-
tion unit 41 may calculate an integration value of an
unmapped pixel of the undistorted image Ul using the
weighted average.

FIG. 3A illustrates an undistorted image UI.

Referring to FIGS. 1 and 3A, the distortion correction unit
41 receives a distorted image DI from the wide-angle lens
10. And, the distortion correction unit 41 corrects the
distorted image DI and generates the undistorted image UL

Point A is located at the center of the undistorted image
UL Point B is located at the center of a vertical side of the
undistorted image UI. And point C is located at a corner of
the undistorted image Ul.
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FIG. 3B is a graph illustrating a distortion ratio o accord-
ing to a distance from the center of the undistorted image Ul
illustrated in FIG. 3A.

Referring to FIGS. 1 to 3B, the abscissa denotes the
distance r,, from the center of the undistorted image UL The
ordinate denotes a ratio o of the distance r,, from the center
of the distorted image DI to the distance r,, from the center
of the undistorted image UI. That is, o may be defined as
/Ty

As the distance r,, from the center of the undistorted
image Ul increases, a decreases. As o increases, a distortion
of'an image increases, and, as o decreases, the distortion of
the image decreases. For example, o increases in a region of
an image which has a significant amount of distortion, for
example, a central region of an image and a peripheral
region of an image, and o decreases in a region of an image
which a small amount of distortion.

Theoretically, distortion of a wide-angle lens occurs in a
radial manner. That is, distortion is symmetric to the optical
axis that passes through the center of an image. As a result,
the amount of distortion depends on the distance in the
image from the center of the image.

Equation 1 may be defined as the relationship between
distorted and undistorted coordinates.

xp=a(ry) ¥ uyo=a(ru) vy [Equation 1]

X;, and y,, represent the Cartesian coordinates in the
undistorted image plane. X, and y,,) represent the Cartesian
coordinates in the distorted image plane. r,, is a distance
from the center of an image (0,0) to (X, y,) in the
undistorted image. rj, is a distance from the center of the
image (0,0) to (Xp, ¥p) in the distorted image. a(r,,) defined
by the distortion ratio (r,/r,,). The function or equation may
be modeled by a high order polynomial or a logarithm.

Correction of the distorted image may be performed by a
geometric transformation that quires determining intensity
values of off-grid pixels using an interpolation kernel such
as a weighted averaging filter. As illustrated in FIG. 3B, the
size of the proposed Gaussian interpolation kernel may
decrease as the distance from the center of the image
increases.

Accordingly, the distortion correction unit 41 according to
the example embodiment of the present inventive concepts
may determine the size of the Gaussian interpolation kernel
GIK according to . In some embodiments, the distortion
correction unit 41 increases the size of the Gaussian inter-
polation kernel GIK when the ratio of r,/r;, is greater than
1, and the distortion correction unit 41 reduces the size of the
Gaussian interpolation kernel GIK when the ratio of r,,/r,,is
smaller than 1.

A pixel in the undistorted image Ul may be generated by
applying the Gaussian interpolation kernel GIK to corre-
sponding pixels in the distorted image DI. Specifically, an
integration value of a pixel in the undistorted image Ul may
be calculated by using a result, that is, a weight, generated
by applying the Gaussian interpolation kernel GIK to a
position of each of the corresponding pixels in the distorted
image DI and an integration value of each of the corre-
sponding pixels in the distorted image DI. The Gaussian
interpolation kernel GIK may be a weight based on pixels
located around the pixel in the undistorted image Ul.

When a pixel in the undistorted image Ul is located in a
central region, o. may increase, and, accordingly, the size of
the Gaussian interpolation kernel GIK may increase. When
a pixel in the undistorted image Ul is located in a peripheral
region, o may decrease, and, accordingly, the size of the
Gaussian interpolation kernel GIK may decrease.
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Equation 2 is a formula that calculates an integration
value of a pixel g(x,,y,,) in the undistorted image Ul

8xy, yu) = [Equation 2]

2 2
Z Z G(oz(ru), Vm? +n? )-g(xD +m, yp +n)

m=—2n=—2

Equation 3 denotes the Gaussian interpolation kernel
GIK.

[Equation 3]

G( i ) B 1 m? + n?
alry), Vm* +n% | = Wéxp By
o may vary according to a(r,,) in Equation 4.
a(ry) [Equation 4]
T K

K is a constant that controls the trade-off between the
amount of anti-aliasing and fuzziness of an edge of an
image. In some embodiments, K may be 2.

The lens distortion correction device 40 according to the
example embodiments of the present inventive concepts
may control the size of the Gaussian interpolation kernel
GIK according to a. For example, a pixel in a central region
of the undistorted image Ul may be generated by increasing
the size of the Gaussian interpolation kernel GIK. A pixel in
a peripheral region of the undistorted image Ul may be, for
example, generated by decreasing the size of the Gaussian
interpolation kernel GIK.

FIG. 4 illustrates a Gaussian interpolation kernel function.

Referring to FIGS. 1 to 4, a Gaussian interpolation kernel
function is illustrated.

The distortion correction unit 41 may be configured, or
otherwise constructed and arranged, to calculate an integra-
tion value of an unmapped pixel in the undistorted image Ul
using the Gaussian interpolation kernel GIK.

Correction of the distorted image is performed by a
geometric transformation that requires that intensity values
of off-grid pixels be determined using an interpolation
kernel such as a weighted averaging filter. As illustrated in
FIG. 3B, a decreases as the distance r,, from the center of the
undistorted image Ul increases, and, accordingly, the size of
the Gaussian interpolation kernel decreases as the distance
from the center of the undistorted image increases.

FIG. 5 is a conceptual diagram illustrating an operation
for enhancing the undistorted image Ul using the lens
distortion correction device 40 illustrated in FIG. 1. FIG. 6
illustrates a patch in the distorted image DI and a patch in the
undistorted image Ul illustrated in FIG. 5.

Image resampling in the geometric transformation pro-
cess results in blurring artifacts. More specifically, the image
resampling in the geometric transformation process may not
determine the optimal interpolation method resulting in both
jagging and blurring artifacts in the corrected image. To
prevent jagging and blurring artifacts in the corrected image
a space-variant Gaussian interpolation may be used to
minimize jagging artifacts, and, then, an additional image
enhancement algorithm may be used to reduce blurring
artifacts.

10

15

20

25

30

35

40

45

50

55

60

65

10

The LSS may be used for image super-resolution. The
fundamental assumption of the LSS is that for every patch
in the image, similar patches can be found in its downscaled
or smoothed version in localized regions around the same
relative coordinates. This assumption may improve the
geometrically corrected image for sufficiently small patches.

Referring to FIGS. 1 to 5, the image enhancement unit 42
may improve the undistorted image Ul based on the LSS.
The distorted image DI and the undistorted image Ul each
include a plurality of patches. The plurality of patches in the
distorted image DI and the plurality of patches in the
undistorted image Ul each include a low-frequency compo-
nent and a high-frequency component.

A low-frequency component includes a major image or a
background of an image. And a high-frequency component
includes a boundary line of an image.

The image enhancement unit 42 may be configured, or
otherwise constructed and arranged, to search for a patch
having a closest integration value to an integration value of
a patch in the undistorted image Ul in a localized region in
the distorted image DI and improve the undistorted image
Ul using a high-frequency component of the searched patch
from the localized region in the distorted image DI.

The image enhancement unit 42 may be configured, or
otherwise constructed and arranged, to remove the blurring
artifact from the undistorted image Ul by combining a
low-frequency component of a patch in the undistorted
image Ul with the high-frequency component of the
searched patch from the localized region in the distorted
image DI

The image enhancement unit 42 be configured, or other-
wise constructed and arranged, to perform block matching
based on LSS in order to search for a patch having a closest
integration value to an integration value of a patch in the
undistorted image Ul in the localized region in the distortion
image DI

Equation 5 denotes a patch g, ,; JD+jP (k,]) in the distorted
image DI, which has a closest integration value to an
integration value of a patch g, JUP (k,]) in the undistorted
image UL

Gyt RD=E(xerthyotl)

i) Gl =g ptkti,yp+47) [Equation 5]

In this case, §, yUP (k,1) is a patch in the undistorted image
UI, which is centered on (X., y.)-

Srpis JD+jP (k,]) is a patch in the distorted image DI, which
is centered on (X4, Yp+])-

BxB,; is a patch size. 1 and j denote a displacement
vector by units of patches.

Equation 6 denotes a formula that calculates an optimal
displacement vector (i, j,). The optimal displacement
vector may be calculated by minimizing a sum of absolute
difference (SAD). That is, a displacement vector, which
minimizes the difference between an integration value of a
patch g, JUP (k,]) in the undistorted image Ul and an inte-
gration value of a patch g, ., , D].P (k,]) in the distorted image
DI, may be calculated by using Equation 6.

(s> Jm) = argr(r]uj?zk: Z[: |§5vau(k’ - ngJrivyDJrj(k’ 1)| [Equation 6]

Referring to FIGS. 1, 5, and 6, the image enhancement
unit 42 may be configured, or otherwise constructed and
arranged, to decompose a patch P, in the distorted image DI
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and a patch P, in the undistorted image Ul. Through the
decomposition, a patch P, in the distorted image DI may be
divided into a low-frequency component P,- and a high-
frequency component P,”. Through the decomposition, a
patch P, in the undistorted image Ul may be divided into a
low-frequency component P,* and a high-frequency com-
ponent P, .

The low-frequency component P, * of the patch P,, of the
undistorted image Ul may be generated by applying a
Gaussian filter that has a 1/a(r,,) variance. Likewise, the
low-frequency component P,;* of the patch P, of the dis-
torted image DI may be generated by applying a Gaussian
filter that has a 1/a(r,,) variance.

The high-frequency component P, of the patch P,, of the
undistorted image Ul may be calculated by subtracting the
low-frequency component P, * of the patch P,, in the undis-
torted image Ul from the patch P, of the undistorted image
Ul Likewise, the high-frequency component P, of the
patch P, of the distorted image DI may be calculated by
subtracting the low-frequency component P,;* of the patch
P, in the distorted image DI from the patch P, of the
distorted image DI.

Finally, f(x,+k, y,+1) is calculated with regard to all (x,,
v, as follows.

Due to a distortion correction process, a blurring artifact
may increase in the high-frequency component P, of the
patch P, in the undistorted image UI. Accordingly, the
image enhancement unit 42 may be configured, or otherwise
constructed and arranged, to employ the high-frequency
component P,# of the patch P, in the distorted image DI
instead of the high-frequency component P,/ of the patch
P, in the undistorted image Ul That is, the image enhance-
ment unit 42 may be configured, or otherwise constructed
and arranged, to combine the low-frequency component P, *
of the patch P, in the undistorted image Ul and the high-
frequency component P, of the patch P, in the distorted
image DI to generate a patch P,/.

Equation 7 denotes a patch f(x +ky,+]) that is finally
generated.

A 1

R [Equation 7]
Flao+k, yu+ D=8l +k, yu + D+ gl B

In this case, g, ., yD+ijP is a high-frequency component

of the selected or searched patch in the distorted image DI.
1/B,7 is a constant that attenuates an overlapping region.

The undistorted image Ul includes the blurring artifact.
Accordingly, the lens distortion correction device 40 accord-
ing to the example embodiment of the present inventive
concepts may remove the blurring artifact from the undis-
torted image Ul using the image enhancement method.

FIGS. 7A to 7C illustrate result images according to a
conventional art.

FIG. 7A illustrates a first distorted image. FIG. 7B illus-
trates a corrected image that is generated by applying a
bilinear interpolation to the first distorted image illustrated
in FIG. 7A. The bilinear interpolation is a conventional
method of correcting an image. FIG. 7C illustrates a cor-
rected image that is generated by applying a high-order
interpolation to the distorted image in FIG. 7A. The high-
order interpolation is a conventional method of correcting an
image.

In a process correcting a geometric distortion of a wide-
angle lens image using a conventional method, for example,
the bilinear interpolation as illustrated in FIG. 7B or the
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high-order interpolation as illustrated in FIG. 7C, an aliasing
artifact that is a phenomenon in which a boundary line
appears discontinuously, a blurring artifact that is a phe-
nomenon in which an object is blurred, and a jagging artifact
that is a staircase phenomenon may occur.

When comparing the first distorted image illustrated in
FIG. 7A with the images illustrated in FIGS. 7B and 7C,
aliasing artifacts occur in the images illustrated in FIGS. 7B
and 7C.

FIG. 8 is a block diagram illustrating an image sensor
module 200 including a wide-angle lens distortion correc-
tion device 202 according to an example embodiment of the
present inventive concepts.

Referring to FIG. 8, the image sensor module 200 may
include an image sensor 201 and the lens distortion correc-
tion device 202. In some embodiments, the image sensor
module 200 may be installed in a digital camera device, a
smart-phone, a tablet, or the like.

The image sensor 201 may acquire image data of an
object through a wide-angle lens 10. The image sensor 201
transfers the image data from the wide-angle lens 10 to the
wide-angle lens correction device 202. In some embodi-
ments, the image sensor 201 may include a CMOS image
sensor or a CCD image sensor.

The lens distortion correction device 202 corrects a dis-
tortion using scalable Gaussian interpolation kernels and
enhances a boundary line using self-examples based on the
LSS. In some embodiments, the lens distortion correction
device 202 may include the lens distortion correction device
40 illustrated and described in connection with FIG. 1.

FIG. 9 is a block diagram of a mobile device 210
including the lens distortion correction device 40 illustrated
in FIG. 1 according to an example embodiment of the
present inventive concepts.

Referring to FIG. 9, the mobile device 210 may be a
smart-phone, a table personal computer (PC), a ultra-mobile
personal computer (UMPC), a personal digital assistant
(PDA), a portable multimedia player (PMP), an MP3 player,
an MP4 player, or the like.

The mobile device 210 may include a memory device 211,
an application processor 212 including a memory controller
for controlling the memory device 211, a modem 213, an
antenna 214, a display device 215 and an image sensor 216.

The modem 213 may receive and transmit a radio signal
through the antenna 214. For example, the modem 213 may
convert the radio signal through the antenna 214 into a signal
which may be provided to and processed by the application
processor 212. In some embodiments, the modem 213 may
be a long term evolution (LTE) transceiver, a high speed
downlink packet access/wideband code division multiple
access (HSDPA/WCDMA) transceiver, a global system for
mobile communications (GSM) transceiver, or the like.

The application processor 212 may receive and process a
signal output from the modem 213, and may transmit the
processed signal to the display device 215. Further, the
modem 213 may convert a signal transmitted from the
application processor 212 into a radio signal, and output the
converted radio signal to an external device through the
antenna 214.

The image sensor 216 may acquire image data of an
object through a wide-angle lens. The image sensor 216
transfers the image data from the wide-angle lens to the lens
distortion correction device 40 of the application processor
212. In some embodiments, the image sensor 216 may
include a CMOS image sensor or a CCD image sensor.

The application processor 212 includes a lens distortion
correction device 40. The lens distortion correction device
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40 may correct a distorted image generated by a wide-angle
lens and enhance the corrected image. In some embodi-
ments, the lens distortion correction device 40 may include
the lens distortion correction device 40 illustrated and
described in connection with FIG. 1.

FIG. 10 is a block diagram of a mobile device 220
including the lens distortion correction device 40 illustrated
in FIG. 1 according to an example embodiment of the
present inventive concepts.

Referring to FIG. 10, the mobile device 220 may be an
image processing device, for example, a digital camera, or
a mobile phone, a smart phone, a tablet PC, or the like to
which a digital camera is attached.

The mobile device 220 includes a memory device 221, an
application processor 222 including a memory controller for
controlling a data processing operation of the memory
device 221, an input device 223, a display device 224 and an
image sensor 225.

The input device 223 is a device for inputting a control
signal for controlling an operation of the application pro-
cessor 222 or data being processed by the application
processor 222, and may be implemented as a pointing device
such as a touch pad and computer mouse, a keypad, a
keyboard, or the like.

The application processor 222 displays data stored in the
memory device 221 through the display device 224. The
application processor 222 may control overall operations of
the mobile device 220.

The image sensor 225 may acquire image data of an
object through a wide-angle lens. The image sensor 225
transfers the image data from the wide-angle lens to the lens
distortion correction device 40 of the application processor
222. In some embodiments, the image sensor 225 may
include a CMOS image sensor or a CCD image sensor.

The application processor 222 includes a lens distortion
correction device 40. The lens distortion correction device
40 may correct a distorted image generated by a wide-angle
lens and improve the corrected image. In some embodi-
ments, the lens distortion correction device 40 may include
the lens distortion correction device 40 illustrated and
described in connection with FIG. 1.

FIG. 11 is a block diagram illustrating a camera system
300 according to an example embodiment of the present
inventive concepts. In some embodiments, the camera sys-
tem 300 may include a digital camera device.

Referring to FIGS. 1 and 11, the camera system 300 may
include a wide-angle lens 310, an image sensor 320, a motor
unit 330, an engine unit 340, and a host/application unit 350.
The image sensor 320 may include the image sensor 20
illustrated in FIG. 1. The image sensor 320 may include the
image processor 30 illustrated in FIG. 1.

The wide-angle lens 310 integrates an incident light to an
integration region, that is, a photodiode, of the image sensor
320.

The image sensor 320 generates image data based on the
incident light through the lens 310. The image sensor 320
may provide the image data based on a clock signal CLK. In
some embodiments, the image sensor 320 may interface
with the engine unit 340 through a mobile industry processor
interface (MIDI) and/or a camera serial interface (CSI).

The motor unit 330 may control a focus of the lens 310 in
response to a received control signal CTRL from the engine
unit 340, or perform shuttering.

The engine unit 340 controls the image sensor 320 and the
motor unit 330. Further, the engine unit 340 may generate
YUYV data including a distance from a subject, a luminance
component, a difference between the luminance component
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and a blue component, and a difference between the lumi-
nance component and a red component based on a distance
received from the image sensor 320 and image data, or
generate compression data, for example, joint photography
experts group (JPEG) data.

The engine unit 340 may be connected to the host/
application unit 350. And the engine unit 340 provides YUV
data or JPEG data to the host/application unit 350 based on
a master clock MCLK. Further, the engine unit 340 may
interface with the host/application unit 350 through a serial
peripheral interface (SPI) and/or an inter-integrated circuit
I%0).

In some embodiments, the engine unit 340 may correct a
distorted image from the image sensor 320 and enhance the
corrected image, and the engine unit 340 may include the
lens distortion correction device 40 illustrated and described
in connection with FIG. 1.

FIG. 12 is a display device 400 including the lens distor-
tion correction device 202 illustrated in FIG. 8 according to
an example embodiment of the present inventive concepts.

Referring to FIG. 12, the display device 400 may be, for
example, a display device installed in a smart TV, a monitor,
various mobile devices, or the like.

The display device 400 may include a camera device 410.
When the display device 400 is the smart TV, various
applications may be installed in the display device 400.

For example, a user may perform a video call application
using the camera device 410 installed in the display device
400. In some embodiments, the camera device 410 may
include the image sensor module 200 illustrated in FIG. 8.

A lens distortion correction device according to the
example embodiments of the present inventive concepts
may correct a distortion of an image photographed by a
wide-angle lens and improve the corrected image.

Further, the lens distortion correction device according to
the example embodiments of the present inventive concepts
may remove a blurring artifact in the corrected image.

The present inventive concepts may be applied to a lens
distortion correction device, and an application processor
and a mobile device including the same.

The foregoing is illustrative of example embodiments and
is not to be construed as limiting thereof. Although a few
embodiments have been described, those skilled in the art
will readily appreciate that many modifications are possible
without materially departing from the novel teachings and
advantages. Accordingly, all such modifications are intended
to be included within the scope of the present inventive
concepts as defined in the claims.

What is claimed is:
1. An image sensor module, comprising:
an image sensor configured to receive an image through
a lens; and
a lens distortion correction device configured to receive a
distorted image from the image sensor,
wherein the lens distortion correction device comprises:
a distortion correction unit configured to correct the
distorted image into an undistorted image; and
an image enhancement unit configured to enhance the
undistorted image using a high-frequency compo-
nent of the distorted image,
wherein the distortion correction unit corrects the dis-
torted image applying a bilinear interpolation method
controlled according to a degree of distortion deter-
mined based on a distance from a center of a image,
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wherein a plurality of patches in the distorted image and
a plurality of patches in the undistorted image each
include a low-frequency component and a high-fre-
quency component, and
wherein the image enhancement unit is configured to
enhance the undistorted image by combining a low-
frequency component of a patch in the undistorted
image with a high-frequency component of a
searched patch from a localized region in the dis-
torted image.

2. The image sensor module according to claim 1, wherein
the distortion correction unit determines a degree of distor-
tion according to a distortion ratio of a distance from a center
of the distorted image to a distance from a center of the
undistorted image.

3. The image sensor module according to claim 2, wherein
the distortion correction unit corrects the distorted image
into the undistorted image using a Gaussian interpolation
kernel, controls a size of the Gaussian interpolation kernel
according to the degree of distortion, increases the size of
the Gaussian interpolation kernel when the distortion ratio is
greater than 1, and reduces the size of the Gaussian inter-
polation kernel when the distortion ratio is smaller than 1.

4. The image sensor module according to claim 1, wherein
the image enhancement unit is configured to search for a
patch having a closest integration value to an integration
value of a patch in the undistorted image in a localized
region in the distorted image, and enhance the undistorted
image using a high-frequency component of the searched
patch of the distorted image.

5. The image sensor module according to claim 4, wherein
the image enhancement unit combines the low-frequency
component of a patch in the undistorted image with the
high-frequency component of the searched patch of the
distorted image and removes a blurring artifact from the
undistorted image.

6. An application processor, comprising:

a distortion correction unit configured to correct a distor-

tion in a distorted image using a Gaussian interpolation
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kernel controlled according to a degree of distortion
determined based on a distance from a center of a
image and generate an undistorted image; and

an image enhancement unit configured to improve the

undistorted image by combining a low-frequency com-
ponent of a patch in the undistorted image with a
high-frequency component of a searched patch from a
localized region in the distorted image.

7. The application processor according to claim 6,
wherein the distortion correction unit determines a degree of
distortion according to a distortion ratio of a distance from
a center of the distorted image to a distance from a center of
the undistorted image.

8. The application processor according to claim 7,
wherein the distortion correction unit corrects the distorted
image into the undistorted image using a Gaussian interpo-
lation kernel, controls a size of the Gaussian interpolation
kernel according to the degree of distortion, increases the
size of the Gaussian interpolation kernel when the distortion
ratio is greater than 1, and reduces the size of the Gaussian
interpolation kernel when the distortion ratio is smaller than
1.

9. The application processor according to claim 6,
wherein a plurality of patches in the distorted image and a
plurality of patches in the undistorted image each include a
low-frequency component and a high-frequency component
and wherein the image enhancement unit is configured to
search for a patch having a closest integration value to an
integration value of a patch in the undistorted image in a
localized region in the distorted image, and improve the
undistorted image using a high-frequency component of the
searched patch of the distorted image.

10. The application processor according to claim 9,
wherein the image enhancement unit configured to decom-
pose a patch in the distorted image and divide into a
low-frequency component and a high-frequency component.
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