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7) ABSTRACT

Provided is a method of restoring and/or reconstructing a
super-resolution image from low-resolution images com-
pressed in a digital video recorder (DVR) environment. The
present invention can remove a blur of a video sequence,
caused by optical limitations due to a miniaturized camera of
a digital video recorder monitoring system, a limitation of
spatial resolution due to an insufficient number of pixels of
a CCD/CMOS image sensor, and noises generated during
image compression, transmission and storing processes, to
restore high-frequency components of low-resolution
images (for example, the face and appearance of a suspect
or numbers of a number plate) to reconstruct a super-
resolution image. Consequently, an interest part of a low-
resolution image stored in the digital video recorder can be
magnified to a high-resolution image later, and the effect of
an expensive high-performance camera can be obtained

Jun. 27,2003 (KR) .coovvvrvcvrrcrvcirseinne. 2003-0042350 from an inexpensive low-performance camera.
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METHOD OF RESTORING AND
RECONSTRUCTING SUPER-RESOLUTION IMAGE
FROM LOW-RESOLUTION COMPRESSED IMAGE

CROSS REFERENCES TO RELATED
APPLICATIONS

[0001] This application is based upon the Korean Patent
Application No.2003-42350 claiming priority under Paris
Convention, filed on Jun. 27, 2003, the contents of which is
hereby incorporated herein by reference in its entirety for all
purposes as if fully set forth herein.

FIELD OF THE INVENTION

[0002] The present invention relates to a method of restor-
ing and/or reconstructing a Super-resolution (SR) image,
more particularly, to a method of restoring and/or recon-
structing a SR image from low-resolution (LR) images
compressed in a digital video recorder (DVR) environment.

BACKGROUND OF THE RELATED ART

[0003] In most electronic imaging applications, images
with high resolution (HR) are desired and often required. HR
means that pixel density within an image is high, and
therefore an HR image can offer more details that may be
critical in various applications. For example, HR medical
images are very helpful for a doctor to make a correct
diagnosis. It may be easy to distinguish an object from
similar ones using HR satellite images, and the performance
of pattern recognition in computer vision can be improved if
an HR image is provided.

[0004] Since the 1970s, charge-coupled device (CCD) and
CMOS image sensors have been widely used to capture
digital images. Although these sensors are suitable for most
imaging applications, the current resolution level and con-
sumer price will not satisfy the future demand. For example,
people want an inexpensive HR digital camera/camcorder or
see the price gradually reduce, and scientists often need a
very HR level close to that of an analog 35 mm film that has
no visible artifacts when an image is magnified. Thus,
finding a way to increase the current resolution level is
needed.

[0005] The most direct solution to increase spatial reso-
lution is to reduce the pixel size (i.e., increase the number of
pixels per unit area) by sensor manufacturing techniques. As
the pixel size decreases, however, the amount of light
available also decreases. It generates shot noise that
degrades the image quality severely. To reduce the pixel size
without suffering the effects of shot noise, therefore, there
exists the limitation of the pixel size reduction, and the
optimally limited pixel size is estimated at about 40 um = for
a 0.35 um CMOS process.

[0006] The current image sensor technology has almost
reached this level. Another approach for enhancing the
spatial resolution is to increase the chip size, which leads to
an increase in capacitance. Since large capacitance makes it
difficult to speed up a charge transfer rate, this approach is
considered ineffective. The high cost for high precision
optics and image sensors is also an important concern in
many commercial applications regarding HR imaging.

[0007] Therefore, a new approach toward increasing spa-
tial resolution is required to overcome these limitations of
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the sensors and optics manufacturing technology. One prom-
ising approach is to use signal processing techniques to
obtain an HR image (or sequence) from observed multiple
low-resolution (LR) images. Recently, such a resolution
enhancement approach has been one of the most active
research areas, and it is called super resolution (SR) (or HR)
image reconstruction or simply resolution enhancement. In
the present invention, we use the term “SR image recon-
struction” to refer to a signal processing approach toward
resolution enhancement because the term “super” in “super
resolution” represents very well the characteristics of the
technique overcoming the inherent resolution limitation of
LR imaging systems.

[0008] The major advantage of the signal processing
approach is that it may cost less and the existing LR imaging
systems can be still utilized. The SR image reconstruction is
proved to be useful in many practical cases where multiple
frames of the same scene can be obtained, including medical
imaging, satellite imaging, and video applications.

[0009] One application is to reconstruct a higher quality
digital image from LR images obtained with an inexpensive
LR camera/camcorder for printing or frame freeze purposes.
Typically, with a camcorder, it is also possible to display
enlarged frames successively. Synthetic zooming of region
of interest (ROI) is another important application in surveil-
lance, forensic, scientific, medical, and satellite imaging. For
surveillance or forensic purposes, a digital video recorder
(DVR) is currently replacing the CCTV system, and it is
often needed to magnify objects in the scene such as the face
of a criminal or the license plate of a car.

[0010] Recently, as a demand for an unmanned monitoring
system increases, the improvement of picture quality of
images recorded in a digital video recorder is required. The
picture quality of recorded images is remarkably deterio-
rated due to optical limitations according to a miniaturiza-
tion of camera required for the unmanned monitoring sys-
tem, that is, the limitations of spatial resolution caused by an
insufficient number of pixels of a cheap low-performance
CCD/CMOS image sensor, and noises generated during an
image compression, storing and transmitting processes. In
order to implement an efficient unmanned monitoring sys-
tem, the deterioration of the spatial resolution must first be
overcome.

[0011] The spatial resolution means the number of pixels
per unit area in an image. It is difficult to analyze a
low-resolution (LR) image because high-frequency compo-
nents and/or fine components of the original image, which
are present in HR image, are damaged in the low-resolution
image.

[0012] Captured images at the scene of a crime, for
example, can sometimes be useless because of LR. In other
words, the images containing the facial features and/or the
clothes of a suspect, and a license plate of an automobile
involved in the criminal scene cannot be deciphered when
the image recorded in the DVR system is at a low resolution.

[0013] There may be proposed an approach for improving
the picture quality of a stored image where an expensive
high-performance camera is employed in the monitoring
system. However, this proposed method is not suitable for a
practical application in the unmanned monitoring system in
a sense that it costs too much for purchasing the HR camera
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required in the unmanned monitoring system. Accordingly,
it sis strongly required to develop a digital image processing
algorithm which allows us to obtain HR image from LR
images captured from inexpensive low-performance cam-
eras.

SUMMARY OF THE INVENTION

[0014] A primary object of the present invention is to
provide a method for restoring and reconstructing a super-
resolution (SR) image from low-resolution (LR) images
obtained from a low-resolution (LR) image capturing
device.

[0015] Another object of the present invention is to pro-
vide a method of restoration by removing a blur of an image
due to optical limitations caused by miniaturization of a lens
of the image capturing device while preserving the contour
of the image.

[0016] Yet another object of the present invention is to
provide a method of reconstructing a high-resolution image,
that is, an image with a large number of pixels, from
low-resolution images, that is, images with a small number
of pixels, by eliminating aliasing effect caused by insuffi-
cient number of pixels of the image capturing device.

[0017] Still another object of the present invention is to
provide a method of removing compression noises generated
during a data compression process for storing an image in a
digital video recorder, namely, blocking artifact and ringing
effect, while preserving the contour of the image.

[0018] To accomplish the afore-mentioned objects,
according to the present invention, there is provided a
method of restoring a super-resolution image having the size
of L,N,xL,N,, from P low-resolution images, each of which
has the size of N;xN,, which models quantization noise of
DCT coefficients for each of the low-resolution images,
which has been divided into a plurality of independent
blocks, discrete-cosine-transformed and quantized, into a
random variable having Gaussian distribution, estimates a
sub-pixel shift between the P low-resolution images such
that a reference image is decided among the P low-resolution
images and a least square of a motion parameter between the
reference image and the other images is obtained through
Taylor’s series expansion, and a smoothing constraint rep-
resenting prior information about the high-resolution image
is modeled into a nonstationary Gaussian distribution to
apply an adaptive smoothing constraint making a mean of
noises be zero to the restoring process, thereby removing a
compression noise while preserving the contour of the
image.

[0019] It is to be understood that both the foregoing
general description and the following detailed description of
the present invention are exemplary and explanatory and are
intended to provide further explanation of the invention as
claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The accompanying drawings, which are included
to provide a further understanding of the invention and are
incorporated in and constitute a part of this application,
illustrate embodiment(s) of the invention and together with
the description serve to explain the principle of the inven-
tion.
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[0021]

[0022] FIG. 1 is a schematic diagram illustrating the
algorithm for restoring and reconstructing a super-resolution
(SR) image from a plurality of low-resolution (LR) images
in accordance with the present invention;

In the drawings:

[0023] FIG. 2 is a schematic diagram illustrating the
process for obtaining low-resolution images for later use for
restoring and reconstructing a super-resolution image in
accordance with the present invention;

[0024] FIG. 3 is a schematic diagram illustrating the
necessity of the interpolation step in the warping process
carried out according to the present invention;

[0025] FIG. 4 is a schematic diagram illustrating the point
spread function (PSF) of a low-resolution (LR) sensor;

[0026] FIG. 5 is a flow chart illustrating the iteration
method according to the present invention;

[0027] FIGS. 6a, 6b, 6¢ and 6d arc schematic diagrams
illustrating the exemplary simulation results when the reso-
lution enhancement of images is applied in accordance with
the present invention;

[0028] FIG. 7 shows a system software interface for
restoring a super-resolution image using the method of
restoring a super-resolution image according to the present
invention;

[0029] FIG. 8a shows a nearest neighborhood interpolated
image obtained by a prior art; and

[0030] FIG. 8b shows a super-resolution image obtained
by the algorithm of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0031] Reference will now be made in detail to the pre-
ferred embodiments of the present invention, examples of
which are illustrated in the accompanying drawings.

[0032] A CODEC, which is an encoding and decoding
device included in a digital video recorder, compresses and
stores a digital video sequence transmitted from an image
capturing device. It should be noted, however, that an
appreciable amount of high-frequency components of the
original image can be lost during the quantization process
for the above-mentioned compression of a digital video
sequence.

[0033] Since the lost high-frequency components usually
have a detailed important information (for example, the
license plate of a suspect’s auto, the facial features, appear-
ance of the suspect and so on) of the original image, it is the
purpose of the present invention to provide a method to
restore those high-frequency components.

[0034] The present invention provides a scheme of restor-
ing a high-resolution (HR or SR) image from a plurality of
video sequences stored in the DVR on the ground that each
frame of images lose high-frequency components in an
independent manner, which makes it possible to restore HR
image from a multiple of LR images because the high-
frequency components lost for each frame will be indepen-
dent.
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[0035] A method of restoring and reconstructing a high-
resolved image from low-resolution compressed images
according to the present invention will be explained with
reference to FIGS. 1 through 8.

[0036] FIG. 1 shows an algorithm of restoring and recon-
structing a super-resolution (SR) image from a plurality of
low-resolution (LR) images according to the present inven-
tion.

[0037] An image processing technique for restoring and
reconstructing an SR image, proposed by the present inven-
tion, exploits an image restoration and an interpolation.

[0038] The image restoration is a process of recovering the
degraded (e.g. blurred, noisy) image, which is caused by
optical distortions (out of focus, diffraction limit, etc.)
motion blur due to limited shutter speed, noise that occurs
within the sensor or during transmission, and insufficient
sensor density.

[0039] The image restoration is a basic element constitut-
ing the method disclosed in the present invention for restor-
ing and reconstructing a super-resolution image. That is, the
image restoration of the present invention is a technique of
restoring and reconstructing a super-resolution image while
the spatial resolution of captured images is kept constant.

[0040] The basic premis for increasing the spatial resolu-
tion in SR techniques of the present invention is the avail-
ability of multiple LR images captured from the same scene.
In SR, typically, the LR images represent different “looks”
at the same scene. That is, LR images are sub-sampled
(aliased) as well as shifted with sub-pixel precision.

[0041] If the LR images are shifted by integer units, then
each image contains the same information, and thus there is
no new information that can be used to reconstruct an SR
image. If the LR images have different sub-pixel shifts from
each other and if aliasing is present, however, the new
information contained in each LR image can be exploited to
obtain an SR image.

[0042] Another technique related to SR reconstruction is
image interpolation that increases the number of pixels of an
image to magnify the image. This approach, however, has a
technical limit in the picture quality because it employs LR
image which suffers from aliasing for magnifying the LR
image even if an ideal sinc function-based interpolation
method has been used. That is, it should be noted that the
interpolation can not restore high-frequency components of
the original image, which have been lost or damaged due to
a restriction on the number of pixels of LR image capturing
device, when the interpolation method is used. Due to this
reason, the image interpolation is not considered as a SR
image restoring/reconstructing algorithm.

[0043] To overcome the limitation of the prior art (image
interpolation from a single image), the present invention
discloses a method of restoring/reconstructing a super-reso-
lution image from the analysis and restoration of LR images
which have different information due to different sub-pixel
shifts for the same scene.

[0044] FIG. 1 shows the principle of a super-resolution
image restoring/reconstructing method according to the
present invention.

[0045] In the super-resolution image restoring/recon-
structing algorithm according to the present invention, LR
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images mean images that are different from each other for
the same scene. To obtain different looks at the same scene,
some relative scene motions must exist from frame to frame
via multiple scenes or video sequences. Multiple scenes can
be obtained from one camera with several captures or from
multiple cameras located at different positions.

[0046] Insummary, the low-resolution images are defined
as images that have different sub-pixel shifts and sampled at
a sampling rate lower than the Nyquist sampling rate in
order to have aliasing effect while the LR images apparently
look like identical.

[0047] If the low-resolution images have integer pixel
shifts, the images have the same information and thus an
image with resolution higher than the current resolution of
the images cannot be reconstructed. When the low-resolu-
tion images have different sub-pixel shifts, the images have
different information and one of the images cannot represent
the other images. In this case, a high-resolution image can be
constructed, as shown in FIG. 1, using the information of
each of the low-resolution images if shifts between the
low-resolution images is previously known or they can be
estimated.

[0048] The SR image restoring/reconstructing method
according to the present invention is a new algorithm that
reconstructs a high-resolution image from video sequences
stored in a digital video recorder according to the basic
principle shown in FIG. 1 and, simultaneously, removes an
image blur caused by a limitation of a lens and a compres-
sion noise generated during a compression process while
preserving the contour of the image.

[0049] Moreover, the present invention has a feature that
models a compression noise caused by quantization in a
DCT domain so that those noises can be removed during the
restoring/reconstructing process.

[0050] FIG. 2 is a schematic diagram modeling the LR
image acquisition process for restoring and reconstructing
the SR image according to the present invention.

[0051] To restore and reconstruct an HR image from LR
images, an observation model should be defined for the
relationship between them.

[0052] Consider the desired HR image of size L;N,;x
L,N,, written in lexicographical notation as the vector of the
high-resolved image represented by x. That is, X is an ideal
SR image that has not been degraded by a blur and/or noise
and sampled at a sampling rate higher than the Nyquist
sampling rate for no aliasing.

[0053] A k-th LR image obtained via a low-resolution
image capturing device can be modeled as an image with
blurring after x is shifted by sub-pixels and is undersampled
with factors L; and L,. A mathematical model for the
acquisition of the k-th LR image is represented as the
followings.

y=DBMx+n, k=12, ..., p [Equation 1]

[0054] Here, the k-th low-resolution image among P low-
resolution images, each of which has a size of N;xN,, is
represented by y, lexicographically arranged. M,  denotes a
geometrical warping matrix containing a global or local
translation, rotation, and so on, and B, is a matrix repre-
senting a blur. In addition, D is a matrix representing
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undersampling from a high-resolution image into a low-
resolution image, and n, represents a noise including a
compression noise.

[0055] More specifically, the warping matrix M, repre-
sents geometrical warping with sub-pixel shifts. Here, it is
noted that the unit of shift is decided by the grid of the LR
image. For example, when the image is shifted by one pixel
horizontally in the LR image grid, the dimension of the shift
becomes unity in the horizontal direction. When shifted by
a sub-pixel, the dimension of the shift becomes a decimal.
Furthermore, if the fractional unit of motion upon the
sub-pixel shift does not coincide with an HR image grid,
interpolation into a high-resolution image grid is required.

[0056] FIG. 3 is a schematic diagram illustrating the
importance for interpolation in a warping process in accor-
dance with the present invention. Referring to FIG. 3, there
are two undersampling factors both in the vertical and
horizontal directions (that is, the horizontal and vertical
sizes of LR image are half the horizontal and vertical sizes
of HR image).

[0057] In FIG. 3, a circle represents the original (refer-
ence) HR image X, and a triangle and a diamond are globally
shifted version of x. If the down-sampling factor is two, a
diamond has (0.5, 0.5) sub-pixel shift for the horizontal and
vertical directions and a triangle has a shift which is less than
(0.5, 0.5).

[0058] The high-resolution image represented by diamond
shapes is shifted by one pixel both in vertical and in
horizontal directions, respectively. Thus, the motion vector
of the high-resolution image becomes (0.5, 0.5) on the basis
of the low-resolution image grid. The high-resolution image
represented by triangles has a motion vector of smaller than
(0.5, 0.5).

[0059] While the diamond pixels do not require interpo-
lation because they are matched with the high-resolution
image grid, the triangular pixels need interpolation because
they are not matched with the high-resolution image grid.

[0060] The blur matrix B represents blurring which may
be caused by an optical system (e.g., out of focus, diffraction
limit, aberration, etc.), relative motion between the imaging
system and the original scene, and the point spread function
(PSF) of the LR sensor.

[0061] FIG. 4 illustrates the LR sensor PSF. The LR
sensor PSF is modeled as a spatial averaging operator (blur)
that represents the relationship between SR pixels and LR
pixels on the image sensor, which necessarily should be
incorporated in the super-resolution image restoring and
reconstructing algorithm.

[0062] The SR image restoring and reconstructing algo-
rithm according to the present invention comprises a step of
estimating a motion vector between LR images, followed by
estimating the high-resolution image x modeled by Equation
1 using Bayesian approach.

[0063] In order to estimate the HR image x modeled by
Equation 1, a probability density function that reflects the
probabilistic characteristics of noise ny should be modeled
beforehand. While the noise n, comes from various sources,
only a compression noise is considered here since the
compression noise generated during the compression pro-
cess is of significance.
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[0064] Traditionally, it has been assumed that the com-
pression noise be white Gaussian in a spatial domain.
However, since the compression noise in reality is not
definitely white Gaussian in a spatial domain, it is required
to exploit the statistical characteristics of the compression
noise for the image restoring/reconstructing process.

[0065] Most of data compression algorithms for motion
pictures include steps of dividing an image into independent
blocks and performing DCT (discrete-cosine-transform)
transformation on those blocks to quantize the DCT coeffi-
cients. Compression noises such as blocking artifact and
ringing artifact, which are frequently generated in com-
pressed images, can be modeled as a quantization noise due
to quantization process in the DCT domain.

[0066] Inorder to get a probability density function for the
quantization noise in the DCT domain, it is necessary to
know exactly the probability density function of DCT coef-
ficients of image, which is impossible in reality.

[0067] Although it is difficult to model the probability
density function of the quantization noise in a direct manner,
it can be assumed that the quantization noises of DCT
coefficients are also independent if the probability density
functions of the DCT coefficients of images are symmetric.

[0068] Since the compression noise in the spatial domain
can be represented by a linear combination of inverse DCT
of the quantization noise in the DCT domain, the compres-
sion noise in the spatial domain can be modeled as a random
variable having a Gaussian distribution by central limit
theorem. As a consequence, if n is a vector obtained by
lexicographically arranging a compression noise in a block
of image, the probability density function of n is defined as
follows.

Py(n)=Z exp(-¥sn"R,™n) [Equation 2]
[0069] Here, Z is a normalizing constant for making the
sum of probability unity, and R, is a covariance matrix
representing correlation of noise vector n. It can be under-
stood that the model for the compression noise, which is
proposed by Equation 2, does not depend on the probability
distribution of DCT coefficients of image.

[0070] To accomplish the probability density function of
the compression noise in the spatial domain, represented by
Equation 2, the inverse matrix of the covariance matrix,
R, %, must be obtained. R,~* can be obtained by estimating
the variance of the quantization noise in the DCT domain
and then transforming the variance into the spatial domain.
However, this method is not suitable for the actual case
because it is assumed that the DCT coefficients of image
have uniform distribution within a quantization interval.

[0071] Furthermore, since R, ™ has an identical form in all
blocks of image, it cannot adaptively reflect the character-
istics of the blocks. To resolve this problem, the present
invention directly models R ' in the spatial domain as
follows.

[0072] Since quantization noises of DCT coefficients in
the DCT domain are independent, the covariance matrix of
the quantization noises becomes a diagonal matrix. Accord-
ingly, R, ™" in the spatial domain must be diagonalized by
DCT basis functions. The present invention exploits this
characteristic to model R,~* as a matrix that the DCT basis
functions have as an eigenvector. Consequently, R, ™ is
modeled as a kronecker product of a specific form of
tridiagonal Jacobi matrix as follows.
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Ry —pR [ 0 0
-pRy (L+pHRy —pRy - 0 0
1 . . . .
R!'=
1-p2 )
0 0 —pRy (1+p9)R; —pR,
0 0 0 —pRy R

[0073] Here, R, is represented as follows.

1 -p 0 0 0 [Equation 4]
—p 1+ —p 0 0
1 . . . .
Ry = : :
1 -7
0 0 —p 1+p* —p
0 0 0 -p 1

[0074] Here, p represents one-step correlation parameter
in the first-order Markov process, which is estimated in each
block using the following biased sample operator.

Ro(1,0) + R,(0, 1) [Equation 5]

p=
2R, (0,0)

| ksl [Equation 6]
Rtk )= 75 > )" nl pnli+k, j+ D

=0

[0075] Here, the bock size is LxL.

[0076] The process of estimating the covariance matrix of
the compression noise through Equations 2 through 6 has
high adaptability in response to block characteristic in the
super-resolution image reconstructing process. That is, the
process of estimating the covariance matrix of the compres-
sion noise considers that variance of quantization noise in
low-frequency components of DCT coefficients is larger in
a smooth block and variance of quantization noise in high-
frequency components is larger in a block having lots of
minute components.

[0077] In other words, R~ in Equation 3 serves as a
high-pass filter because p is estimated to be a positive
number in the smooth block, and R,™' functions as a
low-pass filter because p is estimated to be a negative
number in the block having lots of minute components. In
this manner, the compression noise is adaptively whitened
during the reconstructing process.

[0078] To restore/reconstruct a super-resolution image, a
sub-pixel shift between low-resolution images should be
known. In general, the sub-pixel shift between low-resolu-
tion images is not known in advance so that it should be
estimated. This estimation is called registration. The present
invention uses a method using Taylor’s series expansion as
a method for estimating the sub-pixel shift.

[0079] To estimate the sub-pixel shift, a reference image is
decided first and then a motion parameter between the
reference image and other images is obtained. When it is
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[Equation 3]

assumed that y, in Equation 1 is the reference image and
only shifts in horizontal and vertical directions are consid-
ered, the other images can be represented as follows.

V(% ¥)=y1(c+0y 1 y+0,1), for k=2, . .. p [Equation 7]

[0080] Equation 7 can be simplified using first three terms
of Taylor’s series as follows.

dy(x, y) [Equation 8]
—_—
dx

dy(x,
Sk yldfx y)

Y, y) = yi1(x, y) + Onk

[0081] On the basis of the relationship of Equation 8, least
squares of a motion vector is represented as follows.

MR;=V,
[0082] Here, M is represented as follows.

[Equation 9]

Z( dyi(x, y) )2 ):( dyi(x, y) dyi(x, y) ] [Equation 10]

M= dx dx dy
T (o ) Al y) dyi(x, )Y
e e B o
Ri={810 St [Equation 11]
[0083]
d s tion 12
Sute 1) - i,y 202 (Bauation 12]
Ye= dy(x, y)

Z(v(x, ) = yi(x, ¥) 4y

[0084] Accordingly, the motion estimation parameter R, is
represented as follows.

Re=M"V, Equation 13
q

[0085] While the motion estimation in Equation 13 con-
siders only horizontal and vertical shifts, other shifts includ-
ing rotation also can be considered. To estimate shifts more
accurately, the calculation of Equation 13 is repeated until an
error becomes small.

[0086] The present invention uses MAP method in order to
estimate the super-resolution image x based on the model of
Equation 1 and the motion estimation parameter estimated
by Equation 13. A MAP estimation value for x is X that
maximizes a posteriori probability distribution and it is
defined as follows.

x=arg max P(x[y,y, . .

. yp)=arg max P(y,y, . . .
ypPOPE)

)
[Equation 14]
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[0087] Here, P(y,,y2, - - . ,¥,/%) becomes P(y,|x)P(y,[x) . .
. P(yp|x) on the assumption that noises belonging to y, are
independent. Furthermore, P(y,Jx) has the same probability
distribution as Equation 2 in an arbitrary block of an image
because P(y,|x)=p(ny). P(x) is smoothing constraint showing
prior information of the image, which generally represents
that energy of high-frequency components of the image is
restricted.

[0088] The present invention can model P(x) as a non-
stationary Gaussian distribution to preserve the contour of
the reconstructed high-resolution image as follows.

Pyrx)= Zexp(_ % S })] [Equation 15]

[0089] Here, x represents the non-stationary mean of x and
it is estimated on the assumption that the mean of noises is
zero such that the smoothing constraint can be applied while
the contour of the image is preserved as follows.

Iy . .
n Z Y-k, j-1), if (4, j) € block boundary
=
i =1 5
_— wi 36—k, j—1), otherwise
E}Wk,l ik

[0090] Here, h denotes support of a local window and w,
represents a weighting function. In addition, § denotes an
initial high-resolution image obtained by synthesizing low-
resolution images with the estimated motion parameter.
Furthermore, wy ; is a weight for preventing even the contour
of the image from being smoothed in the block and it is
defined as follows.

{ L, if 136G, j) -3k, DI <T [Equation 17]
Wit =

0, if |96, j) -3k, DI >T

[0091] Here, T is a threshold value for deciding the size of
the contour of the image. The estimation of the nonstation-
ary mean of the image, defined by Equations 16 and 17,
enables smoothing constraint in consideration of the com-
pression process and has the following meaning. The block-
ing artifact caused by compression is smoothed because a
mean is estimated in a square window on the boundary of a
block in Equation 16.

[0092] On the other hand, a mean is estimated in the block
within a range that does not cross the contour. Thus, minutes
components in the block are weakly smoothed and pre-
served. In this manner, the compression noise can be effec-
tively removed while preserving the contour of the image by
using the adaptive smoothing constraint according to the
present invention and the compression noise covariance
matrix of Equation 3.

[0093] The MAP estimation value can be obtained by
finding X that minimizes the following cost function based
on the probability density functions of Equations 2 and 5.
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[Equation 18]

,
x=argmin )y~ DBeMslly | + ax(olle =3I
.

—1
=1 )

[0094] Here, K, (x)™" is a covariance matrix for the com-
pression noise in the image and functions as Equation 3 in
an arbitrary block. In Equation 18, o, (x) is a regularization
function, which controls balance between fidelity of the
super-resolution image with respect to the low-resolution
images and the smoothing constraint.

[0095] In the case that a predetermined regularization
parameter is used to control the balance between the fidelity
and the smoothing constraint, a noise may be revived from
the reconstructed image when the regularization parameter
is set to a value smaller than an appropriate value. Further-
more, the reconstructed image can be excessively smoothed
when the regularization parameter is set to a value larger
than the appropriate value. To find an optimum regulariza-

[Equation 16]

tion parameter for an arbitrary image, the present invention
uses the regularization function a,(x), which is defined as
follows.

llye = DBMexllg, -1 [Equation 19]
%) =g
— -7
Vi

[0096] Here, v, is a parameter that satisfies convexity and
convergence conditions of the cost function of Equation 18
to secure global minimum. The present invention uses the
regularization function of Equation 19 to adaptively decide
Y, in each iteration step without having the regularization
parameter.

[0097] That is, when an error with respect to a row-
resolution image is large in a certain iteration step (when the
quantity of noise is large), o (X) is increased and thus the
image is smoothed more in the next step. On the contrary,
when the error is small (when the quantity of noise is small)
a,(x) is decreased and thus the image is less smoothed in the
next step.

[0098] Furthermore, when energy of high-frequency com-
ponents of an image is decreased in a certain iteration step,
a,(x) is decreased and thus the image is less smoothed in the
next step. The present invention is characterized in using the
adaptive ou(X).

[0099] x for minimizing the cost function of Equation 18
can be obtained through differentiation of Equation 18 and
it satisfies the following equation.
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P L [Equation 20]
Z {(DB M) K (%) (DB M) + a ()} =
k=1

D ADBMO K i+ a3

P
k=1

[0100] The estimated value X of the super-resolution
image of Equation 20 can-be obtained by the following
iteration technique.

. P . [Equation 21]
b =’('+,Biz (DB M) K () (v — DB M) =
)

@ (F)(x" = X)}

[0101] Here, {3 is a parameter for controlling a conver-
gence rate.

[0102] FIG. 5 is a flow chart showing the iteration method
according to the present invention.

[0103] Referring to FIG. 5, an initial image is chosen at a
first step. For example, a single low-resolution image is
magnified by interpolation. At a second step S101, a high-
resolution image X" is registered by an estimated motion
parameter value of the k-th low-resolution image y,.

[0104] At the third step, the registered image is blurred at
S$102, down-sampled at S103, and then a difference between
the down-sampled image and y, is obtained at S104.

[0105] At the fourth step S105, p in Equation 5 is esti-
mated for each of blocks of the difference image obtained
through the steps S102, S103 and S104, and then the
covariance matrix of Equation 3 is multiplied by p. Here, the
multiplication of the covariance matrix is simply represented
by convolution.

[0106] At the fifth step, the resultant image of the step
S105 is upsampled at S106 and re-blurred at S107.

[0107] At the sixth step S108, the resultant image of the
step 106 is inverse-registered by the motion parameter
estimation value of y,. At the seventh step S112, the regu-
larization function o, (x) is obtained by Equation 19.

[0108] At the eighth step, a difference image between x”
and x is obtained at S111 and then the difference image is
multiplied by o, (x) at S113.

[0109] At the ninth step S114, a difference image between
the image obtained by the sixth step and the image obtained
by the eighth step is obtained.

[0110] At the tenth step S109, the second through ninth
steps are executed for each of all low-resolution images
(k=1, . . ., p) and then resultants images are summed up.

[0111] At the eleventh step, the image obtained in the tenth
step is multiplied by f§ and then x" is added to the multiplied
result.

[0112] At the twelfth step, the second through eleventh
steps are repeated until the iteration method converges.
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[0113] FIGS. 6a, 6b, 6¢ and 6d show results of simula-
tions for improving resolution using the method of restoring
a super-image according to the present invention.

[0114] FIG. 6a shows compressed low-resolution images
each of which has the size of 128x128. These low-resolution
images have sub-pixel shifts of {(0, 0), (0.5, 0), (0, 0.5), (0.5,
0.5)) on the basis of one of the images. FIG. 6b shows an
image obtained by nearest-neighborhood-interpolating one
of the low-resolution images of FIG. 6a, and FIG. 6¢ shows
an image obtained by bilinear-interpolating one of the low-
resolution images.

[0115] Referring to FIGS. 6b and 6c, there is a restriction
on the improvement of resolution because interpolation
cannot find lost or damaged high-frequency components of
the low-resolution images.

[0116] FIG. 6d shows a super-resolution image obtained
by the algorithm according to the present invention. It can be
confirmed from FIG. 64 that high-frequency components
are revived in the image. Furthermore, it can be confirmed
that a compression noise such as blocking artifact and
ringing artifact shown in FIGS. 6b and 6c¢ has been removed
from the image of FIG. 6d while the contour of the image
is preserved.

[0117] FIG. 7 shows a system software interface for using
the super-resolution image restoring method according to
the present invention. A super-resolution image can be
restored from low-resolution images using the program
shown in FIG. 7.

[0118] FIGS. 8z and 8b show high-resolution images
restored from the low-resolution image shown in FIG. 7
using the super-resolution image restoring method of the
present invention. FIG. 8a shows a nearest neighborhood
interpolated image obtained by a prior art, and FIG. 8b
shows a super-resolution image obtained by the algorithm of
the present invention. In the image of FIG. 8a, numbers of
the number plate, which are high-frequency components, are
not clearly seen because aliasing has not been removed due
to limited information of the low-resolution images. On the
contrary, the numbers of the number plate are definitely seen
in the image of FIG. 8b because aliasing has been removed
using different information items of low-resolution images.

[0119] The forgoing embodiments are merely exemplary
and are not to be construed as limiting the present invention.
The present teachings can be readily applied to other types
of apparatuses. The description of the present invention is
intended to be illustrative, and not to limit the scope of the
claims. Many alternatives, modifications, and variations will
be apparent to those skilled in the art.

[0120] Although the invention has been illustrated and
described with respect to exemplary embodiments thereof, it
should be understood by those skilled in the art that various
other changes, omissions and additions may be made therein
and thereto, without departing from the spirit and scope of
the present invention.

[0121] Therefore, the present invention should not be
understood as limited to the specific embodiment set forth
above but to include all possible embodiments which can be
embodies within a scope encompassed and equivalents
thereof with respect to the feature set forth in the appended
claims.
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[0122] As described above, the present invention can
remove a blur of a video sequence, caused by optical
limitations due to a miniaturized camera of a digital video
recorder monitoring system, a limitation of spatial resolution
due to an insufficient number of pixels of a CCD/CMOS
image sensor, and noises generated during image compres-
sion, transmission and storing processes, to restore high-
frequency components of low-resolution images (for
example, the face and appearance of a suspect or numbers of
a number plate) to reconstruct a super-resolution image.
Consequently, an interest part of a low-resolution image
stored in the digital video recorder can be magnified to a
high-resolution image later, and the effect of an expensive
high-performance camera can be obtained from an inexpen-
sive low-performance camera.

What is claimed is:

1. A method of restoring super-resolution (SR) image
having a size of L,N,;xL,N, from P low-resolution (LR)
images, each of which has a size of N, xN,, comprising steps
of:

modeling the quantization noise of DCT coefficients for
each LR image (which is divided into a plurality of
independent blocks, discrete-cosine-transformed and
quantized) as a random variable having a Gaussian
distribution; and

estimating sub-pixel shifts between the P LR images and
a reference image, which is chosen among the P low-
resolution images, by obtaining a least mean square of
a motion parameter between the reference image and
the other images through Taylor’s series expansion

wherein a smoothing constraint representing prior infor-
mation about the SR image is modeled as a non-
stationary Gaussian distribution to apply an adaptive
smoothing constraint, which makes the mean of noises
zero, and thereby a compression noise is removed
while the contour of the image is preserved.
2. The method as set forth in claim 1, wherein the k-th LR
image y, among the P low-resolution images is modeled by
the following equation.

yi=DBMx+n, k=12, ... p

(Here, M, is a geometrical warping matrix representing a
relative shift, B, is a matrix representing a blur, D is a
matrix representing undersampling from SR image to
LR image, n, represents noise including compression
noise, and x represents the SR image.)

3. The method as set forth in claim 1, comprising steps of:

(a) magnifying one of the P LR images by interpolation,
followed by setting the magnified one as an initial SR
image x";

(b) blurring and down-sampling an image which is
obtained by performing the registration on the SR
image X" by an estimated motion parameter value of the
k-th LR image y,, followed by calculating a image
difference between the blurred/down-sampled image
and the k-th LR image yy;

(c) estimating a one-step correlation parameter in the
first-order Markov process for each block of the image
difference, followed by multiplying the one-step cor-
relation parameter by a covariance matrix, and by
up-sampling and re-blurring the resultant image;
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(d) performing the inverse-registration on the resultant
image of the step (¢) by an amount of the estimated
motion parameter value of y,;

(e) calculating a normalization function. ou(x);

() calculating a difference between the SR image x* and
a nonstationary mean of the SR image, x, followed by
multiplying the resultant image difference by o (x);

(g) obtaining a difference image between the image
obtained in the step (d) and the image obtained in the

step (£);

(h) executing the steps (a) through (g) for each of the LR
images (k=1, . . ., p), followed by summing up the
resultant image differences;

(i) multiplying the resultant image of the step (h) by a
convergence rate control parameter, followed by add-
ing the high-resolution image x* to the multiplied result
to obtain a new image x™**; and

(j) repeating the steps (a) through (i) until x*** converges
to x" to obtain the SR image

4. The method as set forth in claim 3, wherein the

compression noise is represented by a vector n, which is
lexicographically arranged in an arbitrary block of an image,
to model a probability density function of a quantization
noise in a DCT domain as

— _l T p-1
Py (n) = Zexp 2n R, 'n

(Here, Z is a normalizing constant and R is a covariance
matrix).

5. The method as set forth in claim 4, wherein the inverse
matrix R, ™ of the covariance matrix is modeled as a matrix
having a DCT basis function as an eigenvector.

6. The method as set forth in claim 3, wherein the one-step
correlation parameter is estimated in each DCT block using
a biased sample operator.

7. The method as set forth in claim 1, wherein the motion
estimation parameter R, is represented by R =M"'V,.

E(dyl (x, y)]2 Z(dyl(x, ») dyi(x, y)]
dx dx dy
e dyi(x, 9)Y
i, y)ayx, y yilx, y
Z( dx dy ] Z( dy ]

Re = [On» Oyi]”

Z(yelx, y) = y1(x, ¥) )

Vi =

—

dy;(x,y
dx
dy(x, y)

1
Z(yi(x, y) = yi(x, y))Ty

8. The method as set forth in claim 1, wherein, when the
compression noise is represented by the lexicographically
arranged vector n, the inverse matrix of the covariance
matrix representing correlation of n is modeled as a kro-
necker product of tridiagonal Jacobi matrix having the DCT
basis function as an eigenvector.
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9. The method as set forth in claim 1, wherein the

smoothing constraint is

1 7 _
Px(x)= Zexp(— z(x -X) (x— x)].

(Here, x represents the nonstationary mean of x,

1 R IVURE
;Zw—k,/—l),

kleh
i p={

Y Wil ideh
o

Z W 3i =k, j—1), otherwise

-continued
{ L, ifl3a, -3k, Dl < T]
Wit = s .
0, if|3G, jy -3k, DI >T

10. The method as set forth in claim 1, wherein the
method further comprises a step of controlling balance
between image fidelity and the smoothing constraint using
the following equation.

if(i, j) € block boundary

llye = DB Ml -1

a(x) = T
— ===
Yk
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