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Abstract: 
Super-resolution is a method of combining various techniques in digital image 
processing, in order to achieve higher resolution in certain image segments, 
which initially had insufficient resolution and quality. The principal idea in 
this work is the use of the analysis of the level of detail and of the standard 
deviation, which results in enhancing the resolution of the digital image, 
whilst maintaining the overall image quality. In the first part of this article, 
an experimental method for estimating the standard deviation and the level 
of detail in a digital image has been shown, together with the inferred facts 
that result from this analysis. The second part of this article uses these facts 
in the process of designing an inverse filter by applying the averages of pixel 
intensities. The proposed method has significant advantages over the hereto-
fore used super-resolution techniques, as it achieves the enhancement of the 
resolution from a single image, whilst retaining the initial image potential.
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1. INTRODUCTION 

Resolution of an image describes the number of details that can be 
shown in this image. Resolution of a digital image is limited by the used 
digital image recording equipment such as the optics, the sensors (CCD, 
CMOS), or the electronics.  Th e price of the equipment for producing 
high resolution digital images is extremely high, and it is prohibitive in 
the vast majority of imaging applications. On the other hand, it may be 
possible to use certain image processing algorithms in order to achieve 
the required enhancement in the image quality. Moreover, in some cases, 
even the digital images recorded using an expensive imaging equipment 
may be further enhanced by using some of those algorithms. All of the 
algorithms and their combinations [1, 2] that aim directly at the image 
resolution enhancement are summarily called the Super-Resolution (S-
R) methods [3, 4]. Super-Resolution algorithms have been the subject of 
scientifi c interest since the inception of the digital image processing, and 
up until today. Th e main areas of the application of the S-R:

 ◆ Remote sensing - S-R achieves correct interpretation of remotely 
taken images of areas and regions that may be harmful for humans.
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 ◆ Surveillance imaging and video - Surveillance 
cameras usually cover large areas, which implies 
that it is not possible to obtain high resolution 
imaging over the totality of the area under sur-
veillance.

 ◆ Medical imaging - Usually, there are multi-
ple images,  taken using diff erent methods and 
equipment. Hence, there is oft en a need for the 
application of S-R algorithms in order to obtain 
a correct interpretation.

 ◆ Image and video conversion - Methods for image 
and video format conversion oft en use some of 
S-R methods.

Th e principal aim of S-R methods is to obtain an 
image with enhanced resolution from one or multiple 
low-resolution images. Th ere are two main kinds of S-R 
methods:

1. Classical S-R methods, or S-R methods based on 
the processing of multiple images (nowadays of-
ten seen in modern mobile handsets), and

2. Single image S-R methods.
Classical S-R methods (see [5, 6, 7]) use multiple im-

ages of the same scene. Each of these images is normally 
of limited quality and resolution, sometimes with un-
known values of the image quality parameters.  From 
these images, an image of high quality and enhanced 
resolution needs to be reconstructed. Classical S-R 
methods are mainly based on sub-pixel clustering. Single 
image S-R methods have had limited success in digital 
image resolution enhancement (see [8] and  [9]). As may 
be seen in [10, 11, 12, 13, 14, 15, 16, 17], there are mul-
tiple ways to achieve resolution enhancement. In this 
article, the main idea is to design a resolution enhance-
ment (S-R) algorithm by inverting the averaging fi lter-
ing methods (blurring, median, or mean value fi lters), or 
the noise reduction fi ltering methods. By investigating 
image segments with visually similar colouring, it may 
be observed that the pixel values in these segments are 
not greatly diff erent (see Figs. 1a, 1b, and 1c). Th e seg-
ment under observation in the image is marked by a 
circle, and the corresponding pixel values are shown in 
the top right corner of the fi gure. Although the selected 
segments are visually very similar, it is evident that the 
deviations in the pixel values in any of the three colour 
channels (R, G, B) within the marked segments may be 
up to 23% of the range of the values (0-255).

As has been seen in Fig. 1a, 1b, and 1c, pixel val-
ues in the same channel diff er from each other. E.G. the 
selected pixel in Fig. 1b has RGB colour values (201, 

88, 90), whereas the selected pixel in Fig. 1c has values 
(194, 69, 73).  Within the selected segments in Fig. 1, 
there are no details, so it is not possible to consider the 
level of detail.  However, it is reasonable to estimate the 
standard deviation for the image regions with visually 
similar uniform colour.  Th erefore, the principal idea for 
designing the S-R method presented in this article has 
been the variability in pixel values in the neighbourhood 
of the selected pixel.

a) 

b) 

c) 

Fig. 1. Th ree regions selected within a 
single image segment

Th ree regions selected within a single image segment
So far, the methods for generating an image with 

enhanced resolution generally required the use of mul-
tiple low-resolution images. However, the algorithm 
proposed in this article uses only one low resolution 
image as the only source of data for analysis, and subse-
quently for creating an enhanced resolution image. Gen-
erating an image with enhanced resolution from images 
with low resolution may be viewed as the inverse of the 
process of image resolution reduction. Hence, the S-R 
method proposed in this article is being denoted an in-
verse fi ltering method.

2. THEORETICAL FRAMEWORK

Th e method proposed in this article is eff ectuated in 
two phases. In the fi rst phase, the standard deviation of 
pixel values and the level of detail in the original low-
resolution image are being estimated. In this process, it 
is not necessary to analyse the standard deviation using 
the whole image, as, in this estimate, the compression 
errors, image textures, edges, and noise would be taken 
into account, whilst these image details and artefacts, as 
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a rule, would have greatly diff erent statistical descrip-
tions. E.G. image segments that are preponderately red 
and that are preponderately blue, when taken together 
would have excessively large values of standard devia-
tion. Th erefore, the results of the analysis of standard 
deviation of pixel value distribution and of the level 
of detail in the whole image would not be valid. Th us, 
before the analysis of the standard deviation and of 
the level of detail, the image needs to be appropriately 
segmented into segments with approximately uniform 
colour. Th en, for each segment, the standard deviation 
and the level of detail are being estimated. Further on, 
the estimation of image parameters is performed sepa-
rately for each of the three colour channels: red, green, 
and blue. Th e estimated values obtained in this way are 
then being compared. As it has been shown in [18], the 
greatest value of the estimated standard deviation cor-
responds to the greatest level of image detail, that is, the 
greater the variability in the image, the greater the level 
of detail.  Th is fact is being used in the S-R method de-
scribed in this article. A problem may appear here as to 
how to segregate image segments with near but not quite 
the same colour values.  Th e reasoning in this case leads 
to the use of the analysis of the presence of the edges in 
the image. Since edge is defi ned as the image coordinate 
at which there is an abrupt change of some of the image 
parameters (in this case, of the colour), the image re-
gions surrounded by edges are considered to have pixels 
of the suffi  ciently similar values for the application of 
the proposed S-R method.

3. METHODOLOGICAL FRAMEWORK

Based on the theoretical framework described in the 
previous section, by which the standard deviation of the 
pixel values is clearly related to the level of image details, 
the segmented image will be used as a skeleton of the 
S-R enhanced image. It is therefore necessary fi rstly to 
detect the details in the original image, and then to es-
timate the standard deviation separately for each of the 
determined image segments.

Th e resolution enhancement is then performed as 
the image reconstruction by applying the inverted form 
of averaging fi lters. E.G. a 3 by 3 pixel region of the im-
age has pixel values noted by Y1, Y2… Y9:

Table 1. Pixel values in the observed segment of the origi-
nal image

Y1 Y2 Y3

Y4 Y5 Y6

Y7 Y8 Y9

Th e fi lter for image reconstruction is then defi ned by 
applying the following fi lter:

Table 2. Pixel values of the observed image segment of the 
reconstructed image

StD(-x,x)+Y1 StD(-x,x)+Y1 StD(-x,x)+Y1

StD(-x,x)+Y1 Y1 StD(-x,x)+Y1

StD(-x,x)+Y1 StD(-x,x)+Y1 StD(-x,x)+Y1

where StD(-x, x) is the standard deviation of the pixel values in 
the image segment being processed.

In the neighbourhood of pixel Y1, there are pixels 
that, statistically, have values within range from Y1 - StD 
to Y1 + StD. In this way, a fi lter is defi ned, that performs 
an operation which is the inverse of the pixel averaging 
in 3 by 3 subimages. Practically, the inverse averaging 
fi lter is designed by adding randomly generated values 
from the interval from -StD to +StD to the neighbouring 
pixels to pixel Y1.  Pixel Y1 is thus being surrounded by 
8 new values, as it has been shown in Table 2. 

E.G. if StD is 5, the values added to the neighbour-
ing pixels are generated randomly in the interval (-5, 
+5). If the value of pixel Y1 is 100, then the neighbour-
ing pixels will obtain values from the interval (95,105). 
Th ese values are not necessarily uniformly distributed, 
but will match the pixel value distribution of the original 
pixels in the image.  In order to reduce drastic eff ects 
that may appear by performing the fi ltering near the seg-
ment edges, a mild form of weighted fi lter is being used 
here [19, 20].  

4. RESULTS AND DISCUSSION

Th e proposed S-R method has been tried on 30 digi-
tal images, and also separately on 22 image segments, for 
the purposes of testing the method. Some of these images 
have been the images of physical objects and recorded 
using optical and image sensing equipment, whilst oth-
ers have been synthetic images that have been generated 
by the computer.  Th e results of the analysis of standard 
deviations have been presented graphically in Fig. 2.
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Fig. 2. Standard deviation of the image 
segments under investigation

Although the estimated standard deviation is not 
considered as a measure of image quality, it has been 
used as an indicator of pixel value variation of the neigh-
bouring pixels. Here it needs to be underlined that there 
is not a single value of standard deviation in a segment, 
but there are three separate values, one for each colour 
channel. A justifi cation of this approach is clearly visible 
in the results of standard deviation estimation for seg-
ments 4.2.32 and 4.3.079, in which there is a signifi cant 
diff erence between the three estimates of the standard 
deviation. Such cases of diff erent estimates of standard 
deviation in colour channels will be further compared 
with the estimate of the level of detail, in order to deter-
mine the quality of that digital image.

Fig. 3. Level of detail in the segments under investigation, 
obtained from the DCT

Fig. 4. Ratio between the estimated standard deviation 
and the level of details

As it has been shown in [18], the level of detail is not 
strongly correlated with the estimated standard devia-
tion of the pixel values. Nevertheless, these two param-
eters show similar behaviour, except in case of images 
corrupted by the presence of noise. Th is observation is 
of utmost importance, as it off ers a defi nite unique cri-
terion as to which segments, and ultimately which im-
ages, are amenable to treatment using the S-R method 
described here. A convenient method for comparing 
these two image parameters is by computing the ratio 
between them. Th e conclusions of the observations pre-
sented in [21, 22] are further corroborated by observing 
the corresponding oscillations of the two parameters 
describing the image quality separately in each of the 
colour channels.

Despite the fact that the variations of these two pa-
rameters in an image segment may have high values in 
each of the colour channels, their ratio remains approxi-
mately constant, when the level of noise in the image is 
low [23].  However, as may be seen in segments 4.3.077 
and 4.3.081, signifi cant diff erences between these ratios 
indicate the existence of a high level of noise.  It has 
been determined experimentally that the limiting level 
of noise for this S-R method is about 11%. In cases of 
images with higher level of noise, the results produced 
with this method deteriorate.  When the level of noise 
is above 15%, and when the original image is of low 
resolution, the image resolution enhancement should 
be attempted by using one of the classical S-R methods, 
based on processing multiple images of the same scene. 
Inverse fi ltering method for image reconstruction may 
achieve the resolution enhancement up to three times 
per linear dimension, both horizontally and vertically, 
which has been shown in Fig. 5. Further assessment of 
the quality of the reconstructed image may be obtained 
by comparing the estimated level of details in these two 
images.  Signifi cant increase of the level of details in all 
of the segments of the reconstructed image is presented 
in Fig. 7.  However, low level of details in images with 
initially low-resolution is a prohibiting condition for the 
presence of details in the corresponding reconstructed 
images. Th e quality of the reconstructed image when 
juxtaposed to the original image may be seen in Fig. 6, 
in which the original and the reconstructed images have 
been shown at the same resolution.
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Fig. 5. Image reconstruction and resolution enhancement 
by using inverse fi ltering

a) b) 

c) 

Fig. 6. Comparison of the original images and the recon-
structed images with increased resolution obtained by 

using inverse fi ltering 
(Note: images shown here have identical resolution)

Fig. 7. Level of detail in reconstructed digital images

As has been shown in Fig. 7, relative increase of the 
level of detail in reconstructed images may attain high 
values, up to 46 % for segment 4.3.082.  However, by 
comparing this increase with the values presented in 
Fig. 3. it may be observed that the increase in the level 

of details is the greatest in images which initially have 
low level of details.  Th is is a benefi cial property of the 
algorithm described here, as the images with a low level 
of details are perceived as visually most appealing.  An 
example of this has been shown in Fig. 6. Standard devi-
ation estimates in image segments in Fig 6b and 6c have 
values of up to 137, that is more than half of the avail-
able range (0-255). Th erefore, each of these segments re-
quires a diff erent processing approach. Such high values 
of standard deviation are usually present in images of 
trees or buildings, but it is not the case with image seg-
ments with sky, or lawns, especially when these surfaces 
are suffi  ciently distant from the objective of the image 
recording camera.  

Filtering images with typographic content, i.e. with 
black characters on white background, is an area of great 
interest in image processing. Th is type of images is char-
acterised by low level of details, and by high contrast 
and clear transition between the objects, i.e. characters, 
letters, and the background i.e. the white surface (Fig. 
9a). It has been considered that the images of this kind 
are most suitable for being processed by some of S-R 
methods. On the other hand, in the images with low 
resolution the transitions are not very clear, and a great 
loss of detail and contrast may be observed.  Yet, it is 
exactly with the images of this kind that the S-R method 
described here attains a very high level of quality of re-
constructed images. Application of the algorithm as de-
scribed in section Methodological framework, i.e. with 
estimating standard deviation separately for each colour 
channel, and then generating 3 by 3 matrices with new 
pixel values, achieves preservation of the original infor-
mation in the image. Th e results of comparison of the 
success of this method with other methods usually ap-
plied to this kind of images have been shown in Fig. 9b, 
9c, and 9d, from which it is evident that visually the best 
reconstructed image is in Fig. 9d.  It may be of interest to 
notice that, in this kind of images, the aim is to reduce 
the level of details in the image, which is achieved by in-
creasing the sharpness of transition between the objects 
and the background, and which has been best achieved 
by the S-R method proposed in this article.
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Fig. 8. Relative increase of the level of detail

a) b) 

c) d) 

Fig. 9. Comparison of various S-R algorithms: a) original 
image, b) bicubic interpolation, c) Unifi ed single-image 

S-R and d) Inverse fi ltering method

5. CONCLUSION

In this article, a novel algorithmic solution for Super-
Resolution has been presented. Th e prominent quality 
of this solution is that it can reconstruct an enhanced 
resolution image from only one low resolution image. 
Th is solution is based on the analysis of standard devia-
tion and on the weighted fi lter, and the essence of the 
method is the analysis of sensitivity of the neighbour-
hood of an image segment. Th e method is capable of 
enhancing the image resolution up to three times per 
dimension with respect to the original image. Th e results 
obtained on test images have demonstrated the eff ec-
tiveness of the described method, and have shown that it 

compares favourably when compared to other S-R algo-
rithms. Th is method has a wide area of application, but 
excellent results have been obtained by its application 
to the images with low level of details, such as images of 
human faces, images generated by computer animation, 
and, also, good results have been obtained by processing 
images with typographic content. A promising direction 
for future research will be in combining this algorithm 
with image segmentation methods, which will lead to 
even higher quality of reconstructed images.
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