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Abstract: Super-resolution techniques are used to reconstruct an image with a
high resolution from one or more low-resolution image(s). In this paper, we pro-
posed a single image super-resolution algorithm. It uses the nonlocal mean filter
as a prior step to produce a denoised image. The proposed algorithm is based on
curvelet transform. It converts the denoised image into low and high frequencies
(sub-bands). Then we applied a multi-dimensional interpolation called Lancozos
interpolation over both sub-bands. In parallel, we applied sparse representation
with over complete dictionary for the denoised image. The proposed algorithm
then combines the dictionary learning in the sparse representation and the inter-
polated sub-bands using inverse curvelet transform to have an image with a higher
resolution. The experimental results of the proposed super-resolution algorithm
show superior performance and obviously better-recovering images with
enhanced edges. The comparison study shows that the proposed super-resolution
algorithm outperforms the state-of-the-art. The mean absolute error is 0.021 +
0.008 and the structural similarity index measure is 0.89 £ 0.08.

Keywords: Super-resolution; Curvelet transform; non-local means filter; lancozos
interpolation; sparse representation

1 Introduction

With the existence of high-definition displays (e.g., 1920*1080 for High-definition television and the
smart mobile devices 2048*1536), we cannot disregard the necessity of preprocessing techniques like
resolution improvement for many applications for robust performance. It is still necessary, especially in
remote sensing imaging applications, such as geospatial information systems (G.1.S.), astronomy, geology,
ecology studies, etc. High-resolution images (H.R.) are highly demanded analysis for remote sensing
images. However, it is consistently distorted due to the sensor’s device limitations or because of imaging
environments and capturing circumstances. These circumstances are like atmospheric disturbance, the din
of an imaging system, and an optical system aberration. That leads to difficulty obtaining an image with
desired resolution appearance due to the expensive production cost for replacing the current hardware
devices in the imaging systems and the existence of a massive number of low-resolution (L.R.) images. A
preprocessing enhancement technique for image resolution should take place.
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Recently, Super-Resolution (S.R.) awarded a lot of awareness. The super-resolution technology’s main
objective is to acquire and reconstruct an image with higher resolution from one single L.R. image [1-4] or a
series of L.R. images [5—8]. The idea is to increase the quality of the images and improve it before any visual
assessment. S.R. technology firstly was proposed in the 1960s by Harris [9] and Goodman [10]. Their work
aimed to utilize one L.R. image and its components to reconstruct an image with more information (H.R.
image). The reconstruction from a series of L.R. images was introduced in 1984 by Tsai [11]. It’s a cost-
effective decision that is important in processing remote sensing or airborne images acquired by radar or
optical sensors. Super-resolution techniques can be categorized into the interpolation-based S.R., the
reconstructed (multi images) based S.R., and the learning-based S.R. that uses dictionary learning or the
new research using deep learning [12,13]. Super-resolution interpolation methods can be parametric or
non-parametric methods that estimate the unbeknown pixel’s value from the known ones. They perform
well in the low-frequency components but are dis-satisfactory in high-frequency components, which leads
to a loss in those high-frequency components (edges). It caused a smoothness in the resulted interpolated
image. Therefore, various super-resolution techniques developed based on interpolation in the wavelet
domain were used broadly to improve the resolution and make the pixels increase in digital images,
leading to an increase in the image resolution (resampling to a more significant number of pixels).

In [14], Anbarjafari et al. applied dual-tree complex wavelet transform (DT-CWT). Their algorithm’s
results proved better than applying the bi-cubic interpolation or applying the wavelet zero-padding (W.Z.
P.). In [15], Anbarjafari et al. used discrete wavelet transform (DWT) that enhanced edges by adding an
intermediary stage using stationary wavelet transform (S.W.T.). Their result was better than using the
wavelet zero padding (W.Z.P.) and complex wavelet transform (CWT).

In [16], Anbarjafari et al. used discrete wavelet transform (DWT) and subtracted the original L.R. image
from the interpolated low-low (approximation) sub-band to get the difference between them instead of using
the L.R. image directly. The results were sharper than wavelet zero padding (W.Z.P.), bi-cubic interpolation,
and W.Z.P. using cycle spinning (C.S.).

In [17], Chavez-Roman et al. used a Nonlocal mean (NLM) filter to preprocess. They applied discrete
wavelet transform (DWT) and took the differences between the interpolated low-low (approximation) sub-
band and the original image. In addition, they used the edge extraction stage. Their results outperform many
algorithms such as discrete wavelet transform (DWT), dual-tree complex wavelet transform (DT-CWT), and
DWT with the S.W.T. algorithm.

In [18], Ghafoor et al. used DT-CWT with the NLM filter and Lanczos interpolating. Results show
outstanding performance over the conventional techniques.

In [19] Zhou et al. used a two-dimensional discrete wavelet transform (2D-DWT). For high-frequency
sub-bands, they applied resampling with zero paddings by Fourier transform instead of applying bi-cubic
interpolation. The results have the same luminosity as the original image, and high-frequency components
are clearer.

In [20] Selen et al. preserved the high-frequency details of the image using discrete wavelet transform
(DWT) and sparse representation to reconstruct H.R. image by K- Singular Value Decomposition (K-SVD)
dictionaries. They used the approximation sub-band to estimate a more detailed resolved image as an
additional intermediate process.

The curvelet transform performs a considerable role in many image processing applications, which is
considered a generalization of the wavelet transform with multi-dimensional, that is formulated to plot
images at various scales and angles with a few numbers of coefficients.

In [21], Haddad et al. applied the curvelet transform on the low-resolution image. They applied a
nonlinear function to enhance the content of all the sub-bands produced by the curvelet transformation. In
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addition, the interpolated input image and the estimated enhanced image that resulted from using inverse
curvelet transform are combined using image fusion. The authors mentioned that using the step of image
fusion could increase the enhancement of the resulted image. They reported that their results were better
than using the combination of DWT and S.W.T.

In [22], Patil et al. used a curvelet-based interpolation scheme on the rotated grid of two adjacent low-
resolution frames (multi L.R. image). Those adjacent frames were obtained by using half-pixel shift image
registration to create the high-resolution one.

Super-Resolution methods that utilize sparse representation achieve remarkable success in processing
remote sensing images. That is because it makes use of the learned dictionaries that are trained over
many tested patches examples. To regularize a super-resolution problem, sparse representation is used. In
[23], Liu et al. proposed a super-resolution framework for remote sensing images via sparse
representation by building dictionaries that used different types of features. They have extracted three
different types of features instead of extracting only one feature.

The preponderant challenge here is to develop an algorithm similar to those algorithms, with significant
results. Therefore, in this paper, A modified S.R. algorithm is proposed. It generates a high-resolution image
from a single L.R. one. The proposed S.R. algorithm combines the interpolation-based method with the
example-based method to produce better results with a sharper view. The performance of the proposed S.
R. algorithm was tested and evaluated using numerous L.R. images in [24,25] databases.

The rest of the paper is organized as follows. Section 2 introduces the curvelet image super-resolution
methodology. Section 3 is dedicated to the proposed S.R. algorithm. The experimental results are discussed
in Section 4. Finally, the work has been concluded in Section 5.

2 Curvelet Super Resolution Methodology
2.1 Pre-processing by NLM Filtering

Buades et al. [26] introduced a filter for denoising natural images that are corrupted by additive Gaussian
noise. The Nonlocal mean (NLM) filter is a simple and efficient method for image denoising. It has been used
as a prior to reducing annoying artifacts. It has the ability to increase the signal-to-noise ratio (SNR). It is
generally assumed that the pixels tend to duplicate themselves with some similar neighbors. Therefore,
similar patches in different positions are perceived as multi observations of the desired patch that is used
to regularize the image’s restoration issue. It calculates the desired pixel by proceeding weighted average
for the whole pixels of the image. This process reduced losing details of an image. It is interested in the
gray level (radiometric) and the geometrical configuration of every single point in an entire
neighborhood. This permits a great comparison over other neighborhood filters. Non-local mean filter
computes a denoised image NL[v](i) of a noisy image v = v(i)|i € I as.

NLEI() = Y w(ij)v(i) M
jel
where the weights w(i,j) can be computed as:
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Weights w(i, j) stands on the similarity between the pixels i and j, w(i, j) should meet the conditions
0 <w(i,j) < 1and ) w(i,j) = 1. This similarity is based on the radiometric and geometric similarity of
the pixels. Pixels with similarly grey levels have larger weights in the average.

Z(i) is a normalizing constant. D;; is the weighted Euclidean distance that is computed as the distance
between two intensity gray level vectors (v(N;) and v(N;) for the pixel i and j respectively) in high
dimensional space, with a Gaussian kernel (a > 0) which is the standard deviation of the Gaussian kernel,
h is the filtering degree that monitoring the decay of the exponential and also the decay of the weights as
a function of Euclidean distances.

2.2 Curvelet Transform

Curvelet transform was proposed in 2006 by Candes et al. [27]. They proposed a curvelet to transform
the signal into a multi-scale representation. It represents objects with uniqueness along curves more
accurately than other transforms, using the smallest number of coefficients to reconstruct image details
(edges). It’s formulated to plot images at various scales and angles. It overcomes the missing directional
selectivity of wavelets. By translation and rotation of a mother curvelet 0;, at orientation 0;, scale 2 — j

and position Xk(m =R, (K. 2 —j, K».2 — j / 2) we obtain:
pijk(X) =@ (Ro, (X - Xi”) ) )

where Ry is the rotation by 0, radians, and 0; is the rotation angles 0, =2x. 2 —j /2 with 1=0; 1; ... such that
(0 <0, <2m) and K is the parameters of translation where K = (K, K>) € Z, thus by taking the dot product of
fe L2(R2) and a curvelet 0;,Lk, then curvelet coefficient can be given by

(i, 1K) = / S0 (X)dx ©)

Based on [27], two different discrete curvelet transform algorithms were proposed. The Unequally
Spaced Fast Fourier Transform (USFFT) depends on sampling Fourier coefficients of the input image to
find the curvelet coefficients. Wrapping transform makes the translation to the curvelets at every scale
and angle. However, both algorithms have the same results. The wrapping computation time is shorter
than the USFFT. The implementation of curvelets via wrapping treated a 2D image as an input with a
cartesian form f [nl, n2]. Wrapping starts with applying Fast Fourier Transform (FFT) to obtain Fourier
samples of an image. For every scale and angle resample (interpolate) the Fourier samples, then multiply
the interpolated function with a window function to wrap over the origin. After that, it uses the inverse
2D Fast Fourier Transform to obtain the discrete coefficients as in Fig. 1. we can calculate the discrete
coefficients as follows:

c(, ki, ky) = Z S1m,nlo; 1k, ey man (7

0<m<M,0<n<N

Eq. (7) calculates c(j, 1, K1, K>), which are the discrete curvelet coefficients. Here j, 1, K1, and K5, are the
scale, orientation, spatial and location parameters, respectively. ¢(j, 1, K1, K>) is the waveform. It’s noticed
that results may be complex. But, we will use their norm.

2.3 Lancozos Interpolation

Lanczos is an interpolation function that performs multi-dimensional interpolation. It has been used
broadly in digital signal processing (Lanczos is an alternative to sinc interpolation). It affords great results



CSSE, 2023, vol.45, no.1 171

throughout other interpolations [28]. Lanczos interpolation has the advantage of higher accuracy for sub-
pixel better details preservation of small-scale structures. In addition, it better conserves the amplitude
(consequently the intensity) and less aliasing artifacts. Lanczos function is given as:
1 x=0
. . (TX
L(X) = asm(ﬂX)Slﬂ(;) /szz 0<|X|<a (8)

0 otherwise

where ‘a’ is the order of Lanczos kernel (it can be 2 or 3). This Lanczos kernel gives (2a — 1) lobes. There is
an absolute lobe that is placed in the center. In addition, there are (a-1) lobes on each side for negative and
positive alternately [29].
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Figure 1: FDCT via wrapping

Lanczos interpolation depends on the order of its kernel. If the order of the kernel is 2, then
16 neighboring pixels are considered for interpolation, and if the order is 3, then 36 neighboring pixels
are utilized [30].

Lanczos keeps most of the contents of the original image. The order of the Lanczos kernel is proportional
to the quality of the interpolation. The high order of the kernel yields a high quality of the interpolation.

2.4 Sparse Representation

Recovering a higher resolution image from only one L.R. image is an ill-posed problem. The sparse
representation proved an efficacious trend in reconstructing high-resolution images. Solving S.R.
problems using sparse representation algorithms [31-36] is effective, especially for a single image. Since
the representation is purposed to be sparse, the learned dictionaries are over complete (redundant),
making the representation’s quality better. Many algorithms for the sparse representation suppose that the
H.R. and L.R. patches share the same set of sparse coefficients. By combining these sparse coefficients
for L.R. with the trained H.R. dictionary, we can reconstruct the H.R. image. Firstly, the sparse
representation algorithms extract the feature/s in the feature extraction stage. Then the sparse
representation stage is responsible for building and learning the dictionaries. Finally, sparse representation
produces the H.R. image in the reconstruction stage [31], as clarified in Fig. 2.
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Figure 2: Block diagram of S.R. with sparse representation

To represent an image effectively, we should obtain its essential features using the feature extraction
stage, then build the H.R. and L.R. dictionaries by those features. The sparse representation produced the
feature patches of the L.R. Finally, it reconstructed the H.R. by integrating the H.R. dictionary with its
corresponding L.R. patches’ sparse coefficients. H.R. patches are reassembled to get the H.R. image. Let
the L.R. be Y, a blurred form of the H.R. image X.

Y = HBX ©
where Y and X are the L.R. and H.R. images, respectively, and B is the blur operator. The feature map(s) for
the L.R. image that is extracted from Y, can be given by:

Y features = features;(Y) (10)

where features | (.) is the L.R. feature, extraction operator. The first and second derivatives are usually used as
the feature extraction operator [37]. The feature map(s) for the H.R. image that is extracted from X can be
given by:

Xfeatures = featuresy (X) (11)

Also, features j, (.) is the H.R. feature extraction operator, the variation among the L.R. and H.R. image
used here as the feature extraction operator. The sparse representation essential units are the patches. Assume
that y is the L.R. patch of the feature map, then we get:

Yi = Ri (Yfeature) (12)

Where R; () extracts the patch from the feature map y feature at position i. Also, the corresponding H.R.
patch xi can be given by

Xi = R; (Xfeature) (13)

The feature patches for L.R. and H.R. (y; and x;) are remodeled into feature vectors. Then preparing a
training set of {y;, x;}, i =1, 2, .., M . M is the pairs patches’ number for the L.R. and H.R., then the
dictionaries of the L.R. and H.R. are created by using K Singular Value Decomposition (K-SVD) [33]. Dy
that refers to the L.R. dictionaries that are computed as:

minp, S [|X; — Dy'|[2 (14)
Z 2
i

where ol is the sparse coefficients for L.R. patch y;, and ||/|1 is the 11 norm. The L.R. and its corresponding H.
R. patches are assumed to have symmetric features. So they share the same sparse coefficients that can be
expressed as o; = oj,. Thus, H.R. dictionary D, can be calculated as:
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minp, HXi — Dlalin (15)
2
i

The main idea of the sparse representation in testing L.R. patch )/ in the tested image is depicted by the
atom’s linear combination in the L.R. dictionary Dj as y/= Djal. Using this assumption, the estimation of the
H.R. patch x! of L.R. patch y; with sparse representation by: x = Do} After learning the sparse coefficients
al for every L.R. patch, we use them, and also for the sparse representation to get the corresponding H.R.
patch. Whereas all the H.R. patches are gained, averaging all of these patches, the H.R. image is produced.

3 Proposed Super-Resolution Algorithm

Single super-resolution techniques aimed to recover more information (H.R. details) of an image which
are unnoticeable in the L.R. image. This paper proposed an algorithm to obtain a super-resolution image from
an observed low-resolution one.

Firstly, to reduce the edge artifacts and repress the noise effect on a single L.R. remote sensing image, we
have used a Non-local mean filter (NLM) as shown in Step 1, Fig. 3. The NLM depends on the weighted
average for the gray values of the whole pixels in an entire image to restore the estimated pixel’s gray
value. In this work, we have used the noise level o = 10, the search window (S.W.) of 17*17 pixels, and
the patch window (P.W.) of 9*9 pixels as the optimal results as tested in [38].

Since edges of an image are curved rather than being straight. Therefore, applying curvelet transform is
more specific to obtain a typical representation of the smoothed objects (low frequency) and edges (high
frequency). Here we have used the digital wrapping curvelet transform as illustrated in Step 2a in Fig. 3,
as follows:

1. Applying 2D Fast Fourier Transform to get Fourier samples as
Flnl,n2],(—n)/2 <nl,n2] <n/2

2. For all scales j and orlentatlons 1, find the product (interpolation) U;; [n;, nz].f/\ [71, ns]
3. Wrapping around the origin f] f[ny, ny] = W(Uj lf)[nl, ns]
4. Apply inverse 2D-FFT to each ), to get the discrete coefficient.

Lanczos interpolation is applied to all high frequency (H.F.) components to keep the amplitude of sub-
pixels. An additional process was applied: the difference between the original image and the interpolated low
frequency (L.F.) components. It will be in a high-frequency version. This is an intermediary process to
enhance the appreciated high-frequency components.

Super-resolution techniques that are based on sparse representation proved eligibility in recovering H.R.
remote sensing images. Here, the input for the sparse representation in step 2b in Fig. 3 is the denoised image
resulting from step 1. In Sparse representation, features are extracted. Derivative features [36] are commonly
used in super-resolution fields. To represent a remote sensing image here, we used the second derivative. Egs.
(12) and (13) are used to construct the feature patches to build H.R. and L.R. dictionaries.

For each patch, the sparse representation coefficients are calculated in the sparse representation. The H.
R. patches are estimated by training H.R. and L.R. dictionaries and sparse coefficients for reconstruction.
Then the H.R. dictionary and its corresponding L.R. spares’ coefficients patches are used to reconstruct
the H.R. patches, reuniting all the H.R. patches to recover the output image.

The result for the interpolations and the sparse representation image are combined in step 3 in Fig. 3. Itis
then introduced to the inverse curvelet transform in step 4 in Fig. 3 to get the final reconstructed H.R. image.
The obtained results show that the H.R. image is brightened up to clarify the superior of the proposed S.R.
algorithm. Fig. 3 displays the main steps of the proposed S.R. algorithm.
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Figure 3: The proposed super-resolution algorithm main steps

To evaluate the proposed S.R. algorithm, experiments are performed on aerial optical and radar images
[24,25]. We used 100 down-sampling images of size 128*128 pixels as input images, the training set was
70 images, and 30 were used as a testing set. With dictionary size 1024, for both L.R. and H.R.
dictionaries. Patches size was 5*5 pixels for both dictionaries as tested in [31].

4 Experimental Results

The experimental results for the proposed S.R. algorithm have been applied over two different datasets,
one for the University of Southern California-Signal and image processing institute (USC-SIPI) and the
second Spaceborne Imaging Radar-C/X-Band Synthetic Aperture Radar (SIR-C/X- S.A.R.). The USC-
SIPI image database in [24] contains 38 high-altitude aerial images, with dimensions between 512 x
512 and 2250 x 2250 pixels. Radar images of SIR-C/X- S.A.R. are described in [25].

These dataset images have different physical characteristics with different dimensions. To form a low-
resolution image, down-sampling (lose much information) was applied over 100 original images from both
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datasets twice, the first time by a factor of 4 on each axis. The obtained images size is 128*128 pixels. The
second time was by factor 2 on each axis. The obtained images size is 256*256 pixels.

The proposed S.R. algorithm applied the NLM filter for the down-sampled L.R. images. The denoised
image is the input for the sparse representation. Parallels, the same denoised image has been interpolated with
curvelet transform. Then the output of the sparse representation and the interpolated resulted image are
combined with the inverse curvelet transform to get the final H.R. image. The evaluation for the proposed
S.R. algorithm has been done through two phases. The first phase is used to evaluate the sparse
representation step. The sparse representation step used 100 images of size (128*128) pixels as input
images. The training set was 70 images, and the testing set (not in the training set) was 30 images. The
dictionary size for both L.R. and H.R. dictionaries was 1024 patches. The patches size was (5*5) pixels
for both dictionaries. The second phase is used to evaluate the final results of the overall proposed S.R.
algorithm. The proposed algorithm has been evaluated through quality measures and visual observation.
The quality measure is described as follows.

4.1 Quality Measures

The quality measures that are undertaken via objective metrics Mean Absolute Error (M.A.E.), Peak
Signal to Noise Ratio (PSNR), and Structural Similarity Index Measure (SSIM) [39] are defined by the
following equations:

MAE = Ziailyi = Xil/, (16)
PSNR = 10 logMaX} /s (17)
SSIM = [l(x,y)“.c(x,y)ﬁ.s(x,y)y] (18)

where y; is the resulted image, X; is the original image, n is the number of pixels, the max; is the maximum
pixels of an image, mean square error (M.S.E.), the comparison measurements / is luminance, ¢ is contrast
and s is structure. Simplifying the equation, assuming that o = 3 =y = 1. The evaluation metrics have been
recorded for ten images from the above data set twice. When the input image was 128*128 pixels (after
down-sampling the original image by factor 4), the resulted image after applying the proposed S.R.
algorithm becomes 512*512 pixels. Another time when the input image was 256*256 pixels (after down-
sampling the original image by factor 2), the resulted image after applying the proposed S.R. algorithm
becomes 512*512 pixels. Tab. 1 presents the evaluation metric of the resulted 512*512 pixels H.R.
images after applying the proposed S.R. algorithm by factor 4). Tab. 2 presents the evaluation metric of
the resulted 512*512 pixels H.R. images after applying the proposed S.R. algorithm by factor 2). We
notice that the calculated M.A.E. value for all tested images is minimal, which means that the average
absolute difference between the original image (before down-sampling) and the resulted one is too tiny.
This makes the resulted image close to the original one. The PSNR values are between 34 and 28; these
values are in an acceptable range. This implies that the quality of the reconstructed image has been
improved. In addition, SSIM is closed to 1; this indicates perfect structural similarity between the
reconstructed image and the original image (before down-sampling).

In conclusion, the proposed S.R. algorithm carried out a satisfactory result. This indicates that the
proposed S.R. algorithm produces a high-resolution image with enhanced edges. We refer to the achieved
improvement of the obtained results due to the combination of sparse representation and the curvelet
transform.
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Table 1: Results M.A.E., PSNR and SSIM for the S.R. proposed algorithm (by factor 4)

Image number MAE PSNR SSIM
Imagel 0.015 34.45 0.96
Image2 0.013 34.24 0.89
Image3 0.017 33.23 0.92
Image4 0.018 32.43 0.97
Image5 0.019 31.58 0.92
Image6 0.020 30.99 0.94
Image7 0.022 28.73 0.83
Image8 0.026 28.69 0.89
Image9 0.029 28.37 0.72
Imagel0 0.032 28.20 0.86

Table 2: Results M.A.E., PSNR and SSIM for the S.R. proposed algorithm (by factor 2)

Image number MAE PSNR SSIM
Imagel 0.018 34.89 0.97
Image2 0.015 34.36 0.90
Image3 0.016 33.87 0.93
Image4 0.018 33.21 0.97
Image5 0.020 32.02 0.96
Image6 0.018 31.00 0.96
Image7 0.021 30.73 0.89
Image8 0.024 29.89 0.91
Image9 0.027 29.71 0.87
Imagel0 0.031 27.85 0.84

Besides the quality measures evaluation, the visual observation for the input L.R. images and the
reconstructed H.R. image illustrates that the reconstructed image of the proposed S.R. algorithm is
obviously better recovered and contains more information than the input L.R. image.

Fig. 4 shows some examples of original images (512*512), LR image 128*128 (down-sampling), and
the resulted H.R. (512*512) from the used datasets with respect to PSNR, SSIM, and M.A.E. The proposed
S.R. algorithm restores to some degree the geometrical structures and preserved the fine details preferably.
The resulted H.R. image has fewer smoothing and ringing artifacts around the edges. It is clearly sharper than
the input L.R. image. Fig. 5 shows some examples of the zoomed section of the original images (128*128)
and the zoomed selection of the resulted H.R. images (512*512). The resultant image is enhanced, sharper,
and enlarged from 128 x 128 to 512 x 512 (by a factor of 4). The results show better performance of the
proposed S.R. algorithm. It better preserves the features, preventing blurization, jaggies, and artifacts
around edges.
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LR image a 128%128, PSNR = 28.20, SSIM = 0.86 Resulted HR image a 512#512, PSNR = 34.41,
MAE = 0.032 SSIM =0.96 MAE =0.015

LR image b 128128, PSNR = 27.19, SSIM = 0.86 Resulted HR image b 512512, PSNR =33.23,
MAE =0.028 SSIM = 0.92, MAE =0.017

L.R. image ¢ 128*128, PSNR = 28.36, SSIM = 0.71 Resulted HR image ¢ 512512, PSNR =34.24,

Original image ¢ 512%512 MAE = 0.028 SSIM = 0.89, MAE = 0.013

LR image d 128*128, PSNR = 28.69, SSIM = 0.89 Resulted HR image d 512#512, PSNR =32.43,
MAE = 0.026 SSIM = 0.97, MAE = 0.018

Original image d 512%512

Figure 4: Examples of the S.R. proposed algorithm L.R. image and the resulting H.R. image regarding
PSNR, SSIM and M.A.E
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Zoomed section from L.R.  Zoomed section from H.R.  Zoomed section from L.R.  Zoomed section from H.R.
image a image a image ¢ image ¢

. . '

Zoomed section from L.R.  Zoomed section from H.R.  Zoomed section from L.R. Zoomed section from H.R.
image b image b image d image d

Figure 5: Examples of the S.R. proposed algorithm for original image zoomed section and the resulted
zoomed H.R. section

4.2 Comparison with Other Algorithms

Tab. 3 is a comparison of Demirel et al. 2011 [16], Chavez-Roman et al. 2014 [17], Igbal et al. 2012 [18],
Ayas et al. 2018 [20] and our proposed algorithm with respect to M.A.E., PSNR, and SSIM.

Table 3: Comparison with other algorithms

S.R. Algorithm Imagel Image?2 Image3 Image4
MAE PSNR SSIM MAE PSNR SSIM MAE PSNR SSIM MAE PSNR SSIM

Anbarjafari  16.18 27.49 0.61 1835 26.1 0.609 18.4 2598 0.602 14.69 27.76 0.622
et al. 2011 [16]

Chavez- 7.89 30.17 0.659 8.54 29.67 0.641 8.65 29.23 0.639 6.12 30.64 0.612
Roman et al.

2014 [17]

Ghafoor et al. 17.46 20.68 0.542 19.12 19.33 0.532 19.23 19.23 0.531 15.24 21.12 0.551
2012 [18]

Selen et al. 275 3274 0.84 3.59 3136 0.71 3.52 29.05 0.66 2.03 28.87 0.61
2018 [20]

Proposed 0.015 3445 096 0.013 3424 0.89 0.017 33.23 092 0.018 3243 0.97
Algorithm
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We make the evaluation of average objective criteria values (M.A.E., PSNR, and SSIM) over the images
from [24,25]. The resulted HR images have the following: MAE= 0.013, PSNR = 34.45 dB, and
SSIM = 0.97. The presented analysis and results show that the proposed S.R. algorithm outperformed
other algorithms and achieved a satisfactory improvement. It enlarged the input L.R. images from 128 x
128 to get H.R. images 512 x 512 (by a factor of 4). This indicates that the proposed S.R. algorithm can
generate a super-resolution image and furtherly enhance the edges.

5 Conclusion

This paper proposed a super-resolution algorithm based on curvelet transform and sparse representation.
It employed the NLM denoising filter as a prior. The recorded results show that using a curvelet with sparse
representation achieved superior performance for the proposed S.R. algorithm with respect to M.A.E.,
PSNR, and SSIM. The comparison study shows that the S.R. algorithm outperforms the conventional
algorithms. In addition, the intermediary process of having the difference between the Interpolated low
frequency (L.F.) components (that have additional H.F. features) and the original L.R. image produced an
appreciably reconstructed S.R. image, which conserves much more high-frequency components.
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