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ABSTRACT

Super resolution is the process of reconstructing high
resolution(HR) image from multiple low resolution(LR)
images of a scene . LR images are at a specific pixel shift
from each other. High Resolution(HR) grids are formed from
these LR images using Stationary Wavelet Transform (SWT)
by image registration. Interpolation of the missing pixel in the
HR grid is done using Curvelet Transform(CT). Experimental
results show that our method has got high PSNR compared to
Curvelet Transform based super resolution. Also, it is verified
that there is no need of filter to avoid interpolation errors
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1. INTRODUCTION

In many, military and civilian applications, High Resolution
(HR) images are desirable and always required. High
Resolution refers to an image with a high level of information.
Resolution is determined by the pixel density. In recent
decades, charge-coupled device (CCD) and CMOS
image sensors have been widely used in imaging systems. So
a technique known as Super Resolution(SR) is used to
enhance the resolution of an imaging system.

The basic principle of the SR technique is the increase in the
resolution with the available multiple low resolution images.
If the images are sub-pixel shifted, then each low resolution
image contains independent information. So the information
content is more if the SR image is formed from multiple low
resolution images[1].

Super resolution reconstruction from multiframes is a
relatively new problem.Tsai and Huang[2] were the first to
super resolve a single HR frame from several LR
frames(without blur).Saucer and Allebach[3] modeled super
resolution as an interpolation problem with nonuniformly
sampled data. They used projection onto convex set(POCS)
algorithm to reconstruct the unknown values. Aizawa[4] also
modeled super resolution as an interpolation problem with
nonuniform sampling and used a formula related to Shannon’s
sampling theorem to estimate values on HR grid.lrani and
Peleg[5] incorporated sensor blur into a set of linear
equations, which is solved by iterative back projection
method. Abdou [6] apllied a method to iteratively refine the hr
estimate. Wavelet based interpolation for Super Resolution
suggested by Nguyun and Milanfar[7] takes advantage of
regularity in data to be interpolated. D L Ward [8] proposed
an algorithm takes advantage of the redundancy of discrete
wavelet transform to interpolate the registered half pixel
shifted image . Anil and Jyoti [9] replaced the wavelet
transform based interpolation with the Curvelet transform.
Curvelet transform [10] is a multiscale pyramid with many
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directions and positions at each length scale. So compared to
wavelet transform which has only three directions, curvelet
transform is more advantageous to represent curves in images.
This paper combines the advantages of both the Stationary
wavelet transform and the curvelet transform. Here Stationary
wavelet transform is applied to the low resolution frames and
the image registration is carried out in respective sub bands.
After this, interpolation is done in the Fast Discrete Curvelet
Transform(FDCT) domain. FDCT is a multiscale geometric
transform, which is a multiscale pyramid with many
directions and positions at each length scale. The directional
decomposition with anisotropic scale enables FDCT to
capture the smoothness along the curves. Performance of the
proposed algorithm shows improvement in PSNR

The organization of this paper is as follows; section 2 explains
the proposed algorithm, section 3 shows the performance of
the proposed algorithm and its comparison with the Curvelet
transform based super resolution, section 4 gives conclusion

2. PROPOSED ALGORITHM

The proposed super resolution algorithm uses SWT sub bands
for image registration and a curvelet transform based
interpolation to form a single high resolution image. The two
low resolution images are formed from the original image by
half pixel shift of the original image in the vertical and
horizontal directions. Then Stationary wavelet transform is
applied on these low resolution images to form 8 sub bands.
The four frequency components of each low resolution images
are mapped on the high resolution grid respectively. Each
high resolution grid is rotated 45 degrees to get better pixel
correlation. Rotated grid is up sampled to generate space for
missing pixel. Curvelet transform is applied to up sampled
grid and interpolation is performed at the finest scale .Inverse
Curvelet transform is applied to this interpolated curvelet
coefficients. The interpolated grid is re-rotated back to its
original orientation. Then inverse SWT is applied to these
matrices to form the super resolved image

2.1 Low resolution images using half pixel
shift

Traditional pixel-shifting technology enhances resolution
by moving the image sensor typically half of a pixel between
each image capture, sampling the object at more locations,
and using these extra captured pixels directly as image data.
Half pixel shift in two frames simulates the diagonal motion
of a camera over an area. Fig .1 shows the pixel shift



Figure 1 Half pixel shift

Two low resolution images are created from the original
image by a half pixel shift in the x and y direction relative to
one another. This fashions a Quincunx sampling pattern.
Fig. 2 illustrates the pattern

Figure 2 Quincunx pattern.

For an original image of size 256x256, two low resolution
images LR, and LR, of size 128x128 are formed. Low
resolution images take pixels from original image with purely
even and odd valued indices

2.2 Stationary Wavelet Transform

Classical DWT suffers a problem that it is not translation
invariant transform. Translations of the original signal lead to
different wavelet coefficients. In order to overcome this and to
get more complete characteristic of the analyzed signal the
undecimated wavelet  transform(stationary ~ wavelet
transform,SWT)[11] was proposed. The general idea behind it
is that it doesn't decimate the signal. Thus it produces more
precise information for the frequency localization. From the
computational point of view the undecimated wavelet
transform has larger storage space requirements and involves
more computations. The SWT is an inherently redundant
scheme as the output of each level of SWT contains the same
number of samples as the input — so for a decomposition of N
levels there is a redundancy of N in the wavelet coefficients.

Stationary Wavelet Transform is applied to each low
resolution image. So for each low resolution image we have
four sub bands. Therefore a total of 8 sub bands for these two
low resolution images, LR, and LR,. For LR, we have four
sub bands: approximation cA,, horizontal cH,, vertical cV;
and diagonal cD,.For LR, we have cA,, cH,,cV, and cD,

2.3 Image Registration

Each sub bands need to be mapped onto a common
reference plane. This process is registration. Image
registration deals with mapping corresponding points in each
sub bands to the actual points in the sub bands of the original
image and transforming data into one co-ordinate system.

Approximation sub band of each low resolution images
cA; and cA, are combined on to a high resolution quincunx
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grid [11]. First pixel position of high resolution grid is filled
with the first pixel in cA,, the second location will be the
missing pixel location and the third location is filled with first
pixel of cA,. Thus we got a high resolution grid of
approximation sub band . Each approximation component in
high  resolution grid corresponds to an approximation
component of high resolution image. High resolution grid of
approximation component is designated as Ha(xy, yy)and the
approximation components of two low resolution images as
Fa; (x4, y1)and Fa,(x3,y,).Tr(.) is a transform for combining
the approximation component of two low resolution images to
form quincunx pattern, then

Ha(xy, yu) = Tr(Fa; (x1,y1), Fa (x5, y2)) @
where x; =2xy —1, y; =2yg—1

X2 = 2Xy Y2 = 2¥H

The resultant image is a quincunx pattern of the
approximation components of the desired high resolution
image. Similarly the other sub bands are combined to form the
other sub bands of desired high resolution grid.

2.4 Image rotation

Rotation performs a geometric transformation which maps
the position (x4,y;)of an input image onto a position
(x,,¥2)in an output image by rotating it through a specified
angle about an origin.

Here a 45° rotation is applied to each sub bands changing
its index from (xy,yy) t0 Krow Yrot). Each pixel in high
resolution grid have to be transferred to rotated high
resolution grid. This increases the pixel correlation between
respective sub bands of LR; andLR,. Fig. 3 demonstrates the
rotation

Let R,odenotes the 45° rotation performed on high
resolution grid of each sub band. Consider the high resolution
grid of approximation component Ha(xy, yy).When we apply
R0t ON Ha(xy, yy)we have

Hrot (Xrot' Yrot) = Rrot(Ha(XH: YH)) (2)

2.5 Up-sampling

Up sampling is the process of increasing the sampling rate of
asignal. Up sampling images such as photographs means
increasing the resolution of the image. Up-sampling enlarges
the image, making up additional pixels to fill in the gaps
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Figure 3 Rotation (a) high resolution grid (b) 45° rotated
high resolution grid
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In this method up sampling is done by a factor of 2.
Up sampling creates space for the missing coefficients in the
curvelet domain and these coefficients are interpolated. This
is done for each rotated sub band high resolution grid. Fig 4
shows the missing locations created during up sampling
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Figure 4 Up sampled rotated high resolution grid

2.6 Discrete Curvelet Transform

Curvelet transform[12] is one among directional wavelet
transform with anisotropic property (width =~ length?).
Curvelet transform can handle curve discontinuities very well
compared to wavelet transform. The needle-shaped elements
of this transform possess multiscale with very high
directionality and anisotropy. In 2005, Candes proposed two
new forms of Curvelet transform based on different operations
of Fourier samples, namely, unequally-spaced fast Fourier
transform (USFFT) and wrapping based fast Curvelet
transform which are simpler, faster, and less redundant than
existing technique. Fig. 5 shows the elements of wavelets,

curvelets and contourlets
a C

Figure 5 Elements of (a)wavelets (b) curvelets
(c) contourlets [12]

In this paper we use Curvelet transform based on wrapping.
Curvelet transform based on wrapping of Fourier
samples takes a 2-D image as input in the form of a Cartesian
array f[m, n] such that 0 < m < M,0 < n < N and generates
a number of Curvelet coefficients indexed by a scale j , an
orientation | and two spatial location parameters (kq,k;) as
output. Discrete Curvelet coefficients can be defined by :

Cfl,kl,kz = Yosm<m f[m,n] <P]L'?z,k1,k2 [m,n] (3)
0sn<n

Fig. 6 shows the digital corona of the frequency domain.
Basically, wrapping based Curvelet transform is a multiscale
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transform with a pyramid structure having many orientations
at each scale. This pyramid structure consists of several sub
bands at different scales in the frequency domain. To achieve
higher level of efficiency, curvelet transform is usually
implemented in the frequency domain. The process can be
described as :

Curvelet transform = IFFT [FFT (Curvelet) x FFT (Image)].

Figure 6 lllustrates the basic digital tiling. The shaded
region represents the wedge.

Curvelet transform is performed on each sub bands which is
rotated and upsampled. Interpolation is performed on the
curvelet coefficients at the finest scale.

2.7 Interpolation

Image interpolation refers to the “guess” of
intensity values at missing locations. Image interpolation tries
to achieve best approximation of a pixel’s color and intensity
based on the values at the surrounding pixels. Fig. 7
illustrates interpolation

The missing pixel coefficient, M is calculated using the
four nearest neighbors of the missing pixel[8] .The four
nearest coefficients of the missing pixel are denoted as
C;,C,, C3 and C,. The missing coefficient is filled using the
average of the four nearest neighbors

C1+C2+C3+Cy

M= (4)

ORIGINAL BEFORE

Figure 7 Two dimensional interpolation
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The missing pixel coefficients at the edges are sealed by
grouping Cy,C,, C3 and C, . Let G; refer to the groups formed,
where i varies from 1 to 4.

Gy = {C1: Cy, C3} 3Gy = {Cz, Cs, C4}i Gs = {Cs, Ca, C1}
G4- = {C4-r Cll CZ}

Calculate the standard deviation of each group and
find out the group with minimum standard deviation K and fill
the missing pixel at the edge with the mean of that group. This
process is repeated for every missing pixel coefficients in
each sub bands of SWT.

K = min{std_dev(G;)} (5)
M = mean(K) (6)

Inverse curvelet transform is applied for curvelet
coefficients of every sub band. The image is re-rotated 45
degree to obtain the original orientation. Then inverse
Stationary Wavelet Transform is applied on these four
rerotated interpolated image to get the super resolved
image.The pixel values are truncated to the range ( 0 -255).

3. EXPERIMENTAL RESULTS

The performance of the proposed algorithm is evaluated
using the four images : lena of 512x512, cameraman of
256x256, dome of 512x512 and lifting body of 512x512. The
performance of the algorithm is evaluated using the PSNR
value. PSNR is calculated using the equation below

PSNR = 10logyo (22) )
Pre = 2
MSE = oS B, (160 - 1G.)) ®

where M and N are size of image and I(i, ) is the original
high resolution image and [(i, ;) is the super resolved image.
The results are shown in table I. Computational complexity of
the algorithm increases compared to the existing methods of
super resolution..

‘Cameraman’ image shown in Fig. 8 (a) is reconstructed
with the proposed algorithm in Fig. 8(d). The reconstructed
image of ‘Lena’ with the proposed algorithm is shown
in Fig. 9(d) .The finer details of the image like curvature of
the hat and hair are well reconstructed in the proposed
algorithm. Fig. 10(d) is the super resolved image of a ‘dome’
using the proposed algorithm. Fig.11(d) shows the ‘lifting
body’s ‘super resolved image. The performance comparison
of the proposed algorithm with SWT and curvelet methods is
shown in table |

International Journal of Computer Applications (0975 — 8887)
Volume 59— No.7, December 2012

(d)

Figure 8 (a) original image (b) SWT (c) CT (d) proposed
method
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TABLE | PERFORMANCE COMPARISON OF ALGORITHM WITH SWT,
CURVELET AND SWT-CURVELET

SWT CT SWT-CT

PSNR TIME | PSNR TIME PSNR TIME
Lena 44.5 26.43 | 42.7 36.76 48.11 126.6
Camera | 40.37 5.89 43.68 7.02 48.31 25.05
man
Dome 35.46 284 37.57 38.25 38.58 132.44
Lifting | 42.95 25.29 | 45.93 33.84 46.49 121.13
Body

Figure 9 (a) original image (b) SWT (c)CT(d) proposed

method
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(b)

(d)

Figure 10 (a) original image (b) SWT (c) CT (d) proposed
method
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(a)

(b)

(d)

Figure 11 (a) original image (b) SWT (c) CT (d) proposed
method
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4. CONCLUSION

The proposed algorithm converts two low resolution
images into a super resolved image using the features of SWT
and CT. HR grid is formed from the low resolution images by
SWT and then interpolated in the curvelet domain. This
method has the advantages of higher PSNR without using any
filter, as compared to the existing methods of super resolution.
However, the computational burden has increased. This is
because of the use of SWT for the formation of HR grid. In
SWT no decimation is performed so there is an increase in
computation time. The proposed algorithm needs further
research to minimize the time elapsed with good PSNR.
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