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ABSTRACT

Satellite images are being used in many fields of research. One of the major issues of these types of images
is their resolution. In this paper, we propose a new satellite image resolution enhancement technique based on the
interpolation of the high-frequency subbands obtained by discrete wavelet transform(DWT) and the input image.
The proposed resolution enhancement technique uses DWT to.decompose the input image into different subbands.
Then, the high-frequency subband images and the input low-resolution image have been interpolated, followed by
combining all these images to generate a new resolution-enhanced image by using inverse DWT. In order to achieve
a sharper image,an intermediate stage for estimating the high-frequency subbandshas been proposed. The proposed
technique has been tested on satellite benchmark images. The guantitative (peak signal-to-noise.ratio and root mean
square error) and visual results show the superiority of the proposed.technique over the conventional and state-of-art
image resolution enhancement techniques.
Index Terms—Discrete wavelet transform (DWT), interpolation,satellite image resolution enhancement, wavelet
zero padding (WZP).

1. INTRODUCTION applications, The 2-D wavelet decomposition of an

RESOLUTION of an image has been always
an important issuein many" image- and video-
processing applications,such as wvideo ‘resolution
enhancement [1], feature extraction [2], and satellite
image resolution enhancement [3].Interpolation . in
image processing is a method to increase the number of
pixels in a digital image. Interpolation has been widely
used in many image:processing applications, such as
facial reconstruction [4], multiple description coding
[5], and image resolution enhancement [6]-[8]. The
interpolation-based image resolution enhancement-has
been used for a long time and many interpolation
techniques have been developed to increase the quality
of this task. There are three well-known interpolation
techniques, namely, nearest neighbor, bilinear, and
bicubic. Bicubic interpolation is more sophisticated
than the other two techniques and produces smoother
edges.Wavelets are also playing a significant role in
many imageprocessing

image is performed by applying the 1-D discrete
wavelet transform (DWT) along the rows of the image
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Figure.1. LL, LH, HL, and HH subbands of a satellite
image obtained by usingDWT.

the results are decomposed along the columns._This
operation results in four decomposed subband images
referred to low-low (LL), low-high (LH), ‘high-low
(HL), and high-high (HH).The frequency components
of those subbands cover the full frequency spectrum of
the original image. Theoretically, a filter bank shown
in Fig. 1 should operate on the image in order to
generate different subband frequency images. Fig. 2
improve the sharpness of the reconstructed.images [9].
Their estimation was carried out by investigating the
evolution of wavelet transform extrema ‘among the
same type of subbands.Edges identified by an edge
detection algorithm in lower frequency subbands were
used to prepare a model for estimating

edges in higher frequency subbands and only the
coefficients with significant values were estimated as
the evolution of the wavelet coefficients. In many
researches, hidden Markov has been also implemented
in order to estimate the coefficients[16].In this. paper,
we propose resolution enhancement technique using
interpolated DWT high-frequency subband images and
the input low-resolution image. Inverse DWT (IDWT)
has been applied to combine' all these images to
generate the final resolution-enhanced image. In order
to achieve a sharper image, we propose to use an
intermediate stage for estimating the
highfrequencysubbands by utilizing the difference
image obtained by subtracting the input image and its
interpolated LL subband.The proposed technique has
been compared with standard interpolation techniques,
wavelet zero padding (WZP), where the unknown
coefficients in high-frequency subbands are replaced
with zeros, and state-of-art techniques, such as WZP
and cyclespinning(CS) [17], and previously introduced

shows different subbands of a satellite image where the
top left image is the LL subband, and the bottom right
image is the HH subband.Image resolution
enhancement using wavelets is a relatively new subject
and recently many new algorithms have been

proposed [9]-[15]. Carey et al. have attempted to
estimatethe unknown details of wavelet coefficients in
an effort to
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complex wavelet-transform (CWT)-based image
resolution enhancement [3]. It is necessary to recall
that in this paper the resolution enhancement is used as
a, process that enlarges the given input in the way that
the output-is sharper. The performance of the proposed
technique over performs all available state-of-art
methods for image resolution enhancement. The visual
and quantitative results are given in the results and
discussions section. In all steps of the proposed satellite
image resolution enhancement technique, Daubechies
(db.9/7) wavelet transform as mother wavelet function
and bicubic interpolation as interpolation technique
have been used.The paper is organized as follows.
Section Il gives an overview on the state-of-art image
resolution  enhancement  techniques used for
comparison purposes. Section 1ll introduces the
proposed wavelet based resolution enhancement
technique. Section IV discusses the qualitative and
quantitative results of the proposed method with the
conventional and state-of-art resolution enhancement
techniques. Conclusions are given in the final section.

2. WAVELET-BASED IMAGE
RESOLUTION ENHANCEMENT

There are several methods which have been
used for satellite image resolution enhancement. In this
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paper, we have used two state-of-art techniques for
comparison purposes. The first one is WZP and CS
[17], and the second one is the previously introduced
CWT-based image resolution enhancement [3].

A. CS Based Image Resolution Enhancement

This method adopts the CS methodology in the
waveletdomain [15]. The algorithm consists of two
main steps as follows:

1) An initial approximation to the unknown high
resolution image is generated using wavelet domain
zero padding(WZP).

2) The cycle-spinning methodology is adopted to
operate the following tasks:

{ LOW RESOLUTION

a) A number of low resolution images are generated
from the obtained estimated high resolution image in
part (1) by spatial shifting, wavelet transforming, and
discarding the high frequency subbands.

b) The WZP processing is applied to all those low
resolution images yielding N high resolution images.

c) These intermediated high resolution images are
realignedand averaged to give the final high resolution
reconstructed image.

Fig. 3 shows the block diagram of the WZP- and CS-
based image super resolution.

Interpolation with factor a/2

]

Interpolation with factor a/2

1
€

High resolution

{(am x an)

enhancement technique.
B. CWT-Based Image Resolution Enhancement

In this technique, dual-tree CWT (DT-CWT) is used to
decompose an input ' image -into different

<

(e) ()
Fig. 8. (a), (b) Low-resolution image obtained from
downsampling of the high-resolution image through
DWT, (c) high-resolution image obtained by using
bicubic interpolation with enlargement factor of four,
(d) enhanced image obtained by WZP and CS
technique, (e) and proposed method with the same
enlargement factor. (f) The original high-resolution
image.
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() (d)

Fig.7. Difference between (d) the original high-
resolution satellite image and (a) the proposed
enhanced image, (b) the standard bicubic interpolation,
and (c) the WZP- and CS-based image resolution
enhancement technique.

CWT is used to decompose an input low-resolution
image into different subbands. Then, thehigh-
frequency subband images and the input image are
interpolated, followed by combining all

these images to generate a new high-resolution image
by using

inverse DT-CWT. The resolution

enhancement is achieved by

using directional selectivity provided by the CWT,
where the high-frequency subbands in six different
directions contribute to the sharpness of the high-
frequency details,. such as edges. Details of this
technique are showniin Fig. 4, where the enlargement
factor through the resolution enhancement is .

3. DWT-BASED RESOLUTION
ENHANCEMENT

As it was mentioned before, resolution is an
important feature in satellite imaging, which makes the
resolution enhancement of such images to be of vital
importance as increasing the resolution of these images
will directly affect the performance of the system using
these images as input. The main loss of an image after
being resolution enhanced by applying interpolation is
on its high-frequency components, which is due to the
smoothing caused by interpolation. Hence, in order to
increase the quality of the enhanced image, preserving
the edges is essential. In this paper, DWT [19] has been
employed in order to preserve the high-frequency
components of the image. DWTseparates the image
into different subband images, namely, LL,LH, HL,

ad

(@ =]

>

(€]

«=>

and HH. High-frequency subbands contains the

highfrequencycomponent of the
interpolation can be

applied to these four subband images. In the wavelet
domain,the low-resolution image is obtained by low-
pass filtering of the high-resolution image as in [14],
[17], and [19]. The low resolution image (LL subband),
without quantization (i.e., with double-precision pixel
values) is used as the input for the

proposed resolution enhancement process. In other
words, lowfrequencysubband images are the low
resolution of the original image. Therefore, instead of
using low-frequency subband images, which contains
less information than the original input image, we are
using this input image through the interpolation
process. Hence, the input low-resolution image is
interpolated with the half of the interpolation factor,
a/2, used to interpolate the high-frequency subbands,
as shown in Fig. 5. In order to preserve more edge
information, i.e., obtaining a sharper enhanced image,
we have proposed an intermediate stage in
highfrequencysubband interpolation process. As shown
in Fig. 5;the low-resolution input satellite image and
the interpolated LL image with factor 2 are highly
correlated. The difference between the LL subband
image and the low-resolution input image are in their
high-frequency components. Hence, this

image. The
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difference image can be use in the intermediate process
to correct the estimated high-frequency components.
This estimation is performed by interpolating the high-
frequency subbandsby factor 2 and then including the
difference image (which is high-frequency components
on low-resolution input image)

into the estimated high-frequency images, followed by
another interpolation with factor a/2 in order to reach
the required size for IDWT process. The intermediate
process of adding the difference image, containing
high-frequency components,generates  significantly
sharper and clearer final image. This

sharpness is boosted by the fact that, the interpolation
of isolated high-frequency components in HH, HL, and
LH will preserve more high-frequency components
than interpolating the low-resolution image directly.

(b)

d)y

)

)

Fig. 10. (a) Low-resolution image obtained from
downsampling of the highresolution satellite image
through 2 cascaded DWT, (b) original high-resolution
satellite image, (c) bicubic interpolation-based
resolution enhancement,(d) WZP, (e) WZP and CS
technique, (f) the proposed image resolution
enhancement technique, and (g) the difference between
the original highresolution satellite image and the
image enhanced by the proposed technique with
enlargement from 128 x 128 to 512 x 512.

Figs. 6 and 7(a)—(c) show the difference between the
highresolutionimages with the enhanced image by
using the proposed resolution enhancement technique,
the difference obtained by using bicubic interpolation
directly, and the difference image with WZP- and CS-
based image resolution enhancement

technique, respectively. Figs. 6 and 7(a) shows that
more high-frequency components have been preserved
in the proposed technique.

4. RESULTS AND DISCUSSIONS

The proposed technique has been tested on
several different satellite images. In order to show the
superiority .of the proposed method over the
conventional and. state-of-art techniques from visual
point of view Figs. 8-10 are included. In those figures
with low-resolution satellite images, the enhanced
images by using bicubic interpolation, enhanced
images by using WZP and CS-based image resolution
enhancement, and also the enhanced images obtained
by the proposed technique are shown. It is clear that the
resultant image, enhanced by using the proposed
technique, is sharper than the other techniques.
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TABLE 1
PSNR (DECIBELS) RESULTS FOR RESOLUTION ENHANCEMENT FROM 128 x 128 TO 512 x 51

PROPOSED TECHNIQUE COMPARED WITH CONVENTIONAL AND SOME STATE-OF-ART T

PSNR (dB)

Method \ Image Fig. 6 | Fig.7 | Fig.8 | Fig.9-1 | Fig.9-2 [ Fig. 10-1
Bilinear 19.07 21.02 25.78 28.94 23.67 2091
Bicubic 20.16 22.87 26.29 29.54 24.05 21.30
WZP (Db. 9/7) 19.26 22.35 26.67 28.14 22.91 21.76
WZP and CS SR [15] 21.09 24.67 28.78 30.13 23.89 23.56
Demirel and Anbarjafari [3] 24.08 28.01 31.11 31.54 27.08 24.73
The proposed Method 24.97 29.33 32.67 33.49 30.22 26.03

TABLE I

RMSE RESULTS FOR RESOLUTION ENHANCEMENT FROM 128 x 128 TO 512 X 512 (aa = 4) F

TECHNIQUE COMPARED WITH CONVENTIONAL AND SOME STATE-OF-ART TECHN

RMSE
Method \ Image Fig. 6 | Fig.7 | Fig.8 | Fig.9-1 | Fig.9-2 | Fig. 10-1
Bilinear 5.33 4.76 3.62 3.02 4.09 4.79
Bicubic 5.00 4.28 3.52 2.92 4.00 4.69
WZP (Db. 9/7) 1 527 | 441 | 344 3.16 427 456
WZP and CS SR [ l<| 4.74 3.86 3.05 2.82 4.04 4.11
Demirel and Anbarjafari [3] | 3.99 3.8 2.66 2.60 336 3.85
The proposed Method 3.79 2.95 2.44 2.32 2.80 3.57
TABLE II

ENTROPY RESULTS FOR RESOLUTION ENHANCEMENT FROM 128 x 12870 512 x 512 (o = 4) FOR THE PROPOSED TECHNIQUE COMPARED W1

PREVIOUSLY INTRODUCED RESOLUTION ENHANCEMENT TECHNIQUE 3], AS WELL AS LOW-RESOLUTION AND HIGH-RESOLUTION ORIGINAL IM:

Entropy
Method  Image Fig.0-1 | Fig. 9 | Fig. 10-1 | Fig. 10
Low resoluion saelite image (Sbit unsigned) | 2975 | 4745 | 2707 3580
Low resoluion satllt image (double prcison) | 58327 | 7822 | 744 | 13N
Original high resolution satellite image 5968 | 7872 | 15 | 74M

Demireland Anbarjafai 3] S9% | TS | 4B | T8
The proposed Method SO | TS | 4M | %
TABLE V

MSE RESULTS FOR RESOLUTION ENHANCENENT FROM 128 X 12870 312 x 312 (a-= 4) USING THE PROPOSED TECHNIQUE FOR THE QUANTIZED
INPUT MAGES (8-BIT UNSIGNED INTEGER), CONPARED WiTH CONVENTIONAL AND SOME STATE-OF-ART TECHNIQUES

\ PSR (dB)
Voo imae ~ Fig | 7 Fig B | Fighd Tl | p1bd
Bk | hon | oso | 27| mwn | oo | ot | 12
NEPORIT) | 02 10410 | 6081 | 40046 | 6140 | 10 | 980
NIPand CSSRIIS | snon | sras 250 | wor | sms | e | g
el o ok ]| 1080 | 24093 | 2628 | 9000 | 1980 | 0 | 4548
Tepnpose Netud | 40839 | 25609 | 2651 | 350 | 8045 | U4 | 610o

Fig § shows that a sl image n () e by Figs 9nd 0showheefectvenessof e roosed method
g he propsed tehigue i clealy shaer hn the low- - ovr e tandard bicbic nerpolion, WEZP and e steof
resoltionnputimage n o) and (), as el nrpltedat WEP-an C-bused mage esolto enhncement e

image i (o) and enhancd image by WZP ad CS kg i m]uu Dxﬂenmhennlnmrkumve\mlhd| et feures e
I.\M\ ad fan an

Not only visual comparison but also quantitative
comparisons are confirming the superiority of the
proposed method. Peak signal-to-noise ratio (PSNR)
and root mean square error(RMSE) have been
implemented in order to obtain some quantitative
results for comparison. PSNR can be obtained by using
the following formula [20]:

R?
PS.NR = 10]0010 W (l)

TABLE VI
RMSE RESULTS FOR RESOLUTION ENHANCEMENT FROM 128 x 128 T0 512 x 512 (a = 4) USING THE PROPOSED TECHNIQUE FOR THE QUANTIZED
INPUT IMAGES (8-BIT UNSIGNED INTEGER), COMPARED WITH CONVENTIONAL AND SOME STATE-OF-ART TECHNIQUES

PSNR (@B)
91 | Fig.92 | Fig 101 Fig. 102

Method\ Image Fig.6 | Fig.7 | Fig.8
Bicubic
[ wzemeom |
WZP and CS SR [13]
[

PO 6L RS R ETLTON A F\!lB 105131 = ) NG P TR R T

(0oE T T, CumAED OO, SISO AR TR
iR Gh
gy Tt T b o | el Rl
Bl o {0 | | e
VRS | |||
RS | | s || o | | |
Dol 0 | 4 | 0 {0 o {

Tl | 00| 00 0| 0| 00 | |

where R is the maximum fluctuation in the input image
(255 in here as the images are represented by 8 bit, i.e.,
8-bit grayscale representation have been used
radiometric resolution is 8 bit);and MSE is representing
the MSE between the given inputimagel/inand the
original image /orgwhich can be obtained

by the following:
Y Tin(i,3) — Lorg (3, 5))”
7 o o)
MSE = 2)

whereM and N are the size of the images. Clearly,
RMSE is the square root of MSE, hence it can be
calculated by the following:

Z (Izn(z.])

i.J

- Iorg(ivj))?-

RMSFE =
Mx N

3)

-

Table | is showing the comparison between the
proposed method using Daubechies (db.9/7) wavelet
transform with bicubic interpolation and some state-of-
art resolution enhancement techniques, such as WZP,
WZP and CS super-resolution technique[17], and also
the formerly proposed resolution enhancement
technique [3] by means of calculating PSNR. Table II
is showing the comparison between the proposed
method using

Daubechies (db.9/7) wavelet transform with bicubic
interpolation and aforementioned conventional and
state-of-art techniques by means of RMSE. The results
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in Table Il are correlated with the results in Table I,
which is expected due to the definition of the PSNR in
(1). Overall, the results in Tables I and 11 show that the
proposed method overperformsthe aforementioned
state-of-art and conventional techniques.In order to
show the improvement obtained by the proposed
satellite  image resolution enhancement from
information content point of view, the entropy of Figs.
9(1) and (2) and 10(1)and (2) have been calculated.
Table 111 is showing these entropy values.As expected,
highest level of information content is embedded in the
original images. The main reason of having the
relatively high information content level of the images
generated by the proposed method is due to the fact
that the unquantized input LL-subband images contain
most of the information of the original high-resolution
image. A possible unsigned 8-bit representation of the
LL-subband image wouldintroduce irreversible
quantization loss of information which is given in the
first row of Table Ill.As it was mentioned in the
previous section, the lowresolutioninput images are
obtained by downsampling the high-resolution. images.
This approach can be tolerated in some applications
where there is no limitation in the number of bits for
the representation of floating point numbers.
However,in some applications, the downsampled
images have to go through a .guantization process
where the fractions are removed

to accommodate 8-bit unsigned integer representation.
In order to show the effect of the quantization loss
embedded in 8-bit unsigned integer representation, the
proposed resolution enhancement ‘technique' has been
applied to quantized images,and the results are reported
in Tables IV-VI. The ‘results are confirming the
expectation of performance drop on the proposed
algorithm due to the loss of information contained in
the floating points. . However, this drop is also
encountered inother conventional and. state-of-the-art
techniques. The visual results/ corresponding. to the
quantized input image given in Fig. 10(2-a).-are given
in Fig. 11.

5. CONCLUSION

This paper has proposed a new resolution
enhancement technique based on the interpolation of
the high-frequency subband images obtained by DWT
and the input image. The proposed technique has been
tested on well-known benchmark images, where their
PSNR and RMSE and visual results show the
superiority of the proposed technique over the
conventional and state-of-art image resolution
enhancement techniques.
The PSNR improvement of the proposed technique is
up to 7.19 dB compared with the standard bicubic

interpolation.

(¢ ®
Fig. 11. (a) Quantized low-resolution image, (b)
original high-resolution satellite image, (c) bicubic
interpolation-based resolution enhancement,(d) WZP,
(e) WZP and CS technique, (f) the proposed image
resolution enhancement technique, with enlargement
from 128 x 128 to 512 x 512.
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