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ABSTRACT 

 

SUPER RESOLUTION WITH BETTER EDGE 

ENHANCEMENT 

 

Gaurav Hansda, M.S. 

 

The University of Texas at Arlington, 2012 

 

Supervising Professor:  Prof. K. R. Rao 

 Super resolution image reconstruction is a promising technique of digital imaging 

which attempts to generate a raster image with a higher resolution than its source. The 

source can consist of one or more images or frames. This thesis focuses on single-frame 

super-resolution i.e. the source is a single raster image. Changing the resolution directly 

refers to resampling the image. Specific algorithms have been designed for scaling up, 

scaling down and rotating images that deliver high quality results. Process of scaling up 

or super-resolution is the primary focus of this thesis, which in contrast scaling down or 

rotating deals with the problem of increasing the amount of pixels or, more general, data. 

In comparison to various other image enhancement techniques, super-resolution image 

reconstruction technique not only improves the quality of under-sampled, low-resolution 

images by increasing their spatial resolution but also attempts to filter out distortions. 

The Iterative back-projection (IBP) is a classical super-resolution method with 

low computational complexity that can be applied in real time applications. However, it 

often produces many artifacts especially along the strong edges. To reduce these jaggy 

artifacts, this thesis proposes a novel approach to single image super-resolution image
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reconstruction. First, an image up-sampling scheme is implemented which takes the 

advantage of bilateral filtering as well as mean shift image segmentation. This produces a 

better smoothed image. Then, a complex shock filter is used to enhance strong edges in 

the initial up-sampling result and obtain an intermediate high-resolution image.  Complex 

shock filters are less sensitive to noise than other shock filters. After that, a 

reconstruction constraint on the high-resolution image is applied, so that fine details can 

be suppressed in the back projection step. IBP is the state of art method for this. Finally, 

as a post-processing step on the reconstructed image, the structural content of low 

resolution image and the correlation among the pixels with similar structure are learned 

and employed on the reconstructed image to further stop across-edge propagation. The 

experimental results proved that this proposed method can remove the artifacts 

subjectively and obtain sharp edges in visual perception. Comparing this algorithm with 

several other state-of-the-art image super-resolution algorithms shows that this approach 

performs better in terms of both qualitatively and quantitatively (peak signal-to-noise ratio 

and mean square error). 
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CHAPTER 1 

INTRODUCTION TO SUPER-RESOLUTION 

1.1 Introduction 

The world has seen an immense global advancement in the technology, both in 

hardware and software. Digital pictures today are all around us- on the web, on digital 

versatile discs (DVDs), on satellite systems; they are everywhere. Having these pictures 

in digital format allows us to manipulate them the way one want them. Digital image 

processing helps in enhancing the features of interest and extracting useful information 

about the scene from the enhanced image. Initial ideas on image processing were used 

in 1920s for just cable transmission of pictures [1] [5]. Since majority of the information 

received by a human being is visual, integrating the ability to process visual information 

into a system would certainly enhance the overall utility.  Work on using computer 

techniques for improving the quality of images obtained from space probe began at the 

Jet Propulsion Laboratory in 1964 when pictures of the moon transmitted by Ranger 7 

were processed by a computer which also corrects various types of the image distortions 

inherent in the on-board television camera [1]. The field of image processing has grown 

considerably during the past few decades with improvements in size, speed, and cost 

effectiveness of the digital computers.  The camera sensor manufacturing units also have 

advanced in their manufacturing techniques to produce good quality high-resolution (HR) 

digital cameras. Although, HR digital cameras are available, many computer vision 

applications such as satellite imaging, target detection, medical imaging, and many more 

still have a strong requisition for higher resolution imagery which very often exceed the 

capabilities of these HR digital cameras. To cope up with strong demand of higher



 

  2 

 

 

-resolution imagery, these applications have approached image-processing techniques 

for a solution to generate good quality HR imagery. 

The topic of super resolution (SR) first appeared in the early 1980s, with one of 

the first papers in the signal processing community, the paper by Tsai and Huang [2]. 

Super-resolution image reconstruction is a promising technique of digital imaging which 

attempts to reconstruct HR imagery by fusing the partial information contained within a 

number of under sampled low-resolution (LR) images of that scene during the image 

reconstruction process. Super-resolution image reconstruction involves up-sampling of 

under-sampled images thereby filtering out distortions such as noise and blur. In 

comparison to various image enhancement techniques, super-resolution image 

reconstruction technique not only improves the quality of under-sampled, low-resolution 

images by increasing their spatial resolution but also attempts to filter out distortions. 

1.2 Image Resolution 

Optical resolution is a measure of the ability of a camera system, or a component 

of a camera system, to depict the picture detail [3]. On the other hand, image resolution is 

defined as the fineness of detail that can be clearly distinguished in an image. Resolution 

is a fundamental issue in judging the quality of various image acquisitions or processing 

systems. In its simplest form, image resolution is defined as the smallest discernible or 

measurable detail in a visual presentation. Both the definitions apply to digital and analog 

camera systems and images. However, in this research, the term resolution will only 

relate to digital camera systems and digital images. Researchers in digital image 

processing and computer vision classify resolution into three different types [4]. 

• Spatial Resolution: An image is made up of small picture 

elements called pixels. Spatial resolution refers to the spacing of the 

pixels in an image and is measured in pixels per unit length. The higher 
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the spatial resolution, the more are the pixels in an image. High spatial 

resolution allows a clear perception of sharp details and subtle color 

transitions in an image. In case an image with high levels of details is 

not represented by a spatially dense set of pixels, the image is said to 

suffer from aliasing artifacts. For an output device such as a printer the 

spatial resolution is expressed in dots per inch (dpi) [4]. 

• Brightness Resolution: Also known as gray-level resolution, it 

refers to the number of brightness levels or gray-levels used to 

represent a pixel. The brightness resolution increases with the number 

of quantization levels used. A monochrome image is usually quantized 

using 256 levels with each level represented by 8 bits. For a color 

image, at least 24 bits are used to represent one brightness level, i.e., 8 

bits per color plane (red, green, blue). It should be noted that the 

number of gray value quantization levels is also intrinsically related to 

the spatial sampling rate. If the camera sensor has fewer quantization 

levels, it should have a much higher spatial sampling rate to capture the 

scene intensity. This idea is quite similar to that of delta modulation 

used in communication systems and to that of dithering used in half-

tone printing [4]. 

• Temporal Resolution: It represents the frame rate or the number 

of frames captured per second. Higher the temporal resolution, lesser is 

the flicker observed. The lower limit on the temporal resolution is 

proportional to the amount of motion that occurs between two 

consecutive frames. The typical frame rate for a pleasing view is about 

25 frames per second or above [4]. 
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Another kind of resolution of interest is the spectral resolution and it refers to the 

frequency or spectral resolving power of a sensor that gives the bandwidth of the light (or 

electro-magnetic wave) frequencies captured by the sensor. It is defined as the smallest 

resolvable wavelength difference by the sensor. The spectral resolution plays an 

important role in satellite imaging.  

In this research, the term resolution refers to the spatial resolution unless 

otherwise mentioned. As stated earlier, spatial resolution essentially describes the total 

number of pixels in an image, horizontally and vertically. For instance, a digital image 300 

pixel (wide) x 300 pixel (high) consists of a total of 90,000 pixels or is nearly 0.1 

megapixel (MP) image. If this image is quadrupled, the dimensions will be 1,200 pixels 

(wide) x 1,200 pixels (high) with a total of 1,440,000 pixels or nearly 1.5 MP. Clearly, the 

detail carrying capacity of an image is directly proportional to the number of pixels in an 

image. Higher the number of pixels, higher is the detail representation of the image. 

1.3 Image Degradation Factors 

 The acquired image usually represents the scene usually in an unsatisfactory 

manner. Since, real imaging systems as well as imaging conditions are imperfect: an 

observed image represents only a degraded version of the original scene. These 

degradations in the images are caused due to various factors such as blur, noise and 

aliasing. Figure 1.1 shows an example of the original scene and a corrupted image. Such 

distortions may get introduced into an imaging system due to the following reasons: 

 Motion between the camera sensor and the scene or subject. 

 Camera optics and lenses. 

 Atmosphere. 

 Insufficient sampling. 
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Factors like motion of the scene, wrong focus, atmospheric turbulence and 

optical point spread function can introduce degradations in an image known as blur, 

during the imaging process. Removing the effect of blurring in an image is known as de-

blurring which is a well known image enhancement technique. If the conditions at the 

time of acquiring an image are known, it is much easier to de-blur the image accurately. 

Figure 1.2 shows an example of a blurred image and the original scene. 

 

  

Figure 1.1 Original image (left panel) and its noisy, blurred and under-sampled image 
(right-panel). 

 

Noise is a random background event and is certainly not a part of the ideal 

scene/signal and may be caused by a wider range of sources such as variations in 

detector sensitivity, optical imperfections and environmental changes. Although many 

noise models exist in literature, only Gaussian white noise is considered as it provides a 

good model for noise in most of the imaging systems. The noise is also assumed to be 

spatially uncorrelated with respect to the image, i.e., there is no correlation between the 
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image pixel values and the noise components. Figure 1.3 shows an example of a noise-

corrupted image.  

 

Figure 1.2 Original image (left panel) and its blurred image (right-panel). 

 
 Guassian Noise

  

original image

 

Figure 1.3 Example of the noise-corrupted image (left panel) of an original scene (right-
panel) 
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Another factor affecting image resolution is due to the insufficient spatial 

sampling of images. As per the Shanon-Nyquist sampling theorem [5] [6] [7], the 

sampling rate should be greater than twice the highest frequency. If the sampling 

frequency is less than twice the highest frequency,  then all frequency components higher 

than the half the sampling frequency are reflected as lower frequencies in the 

reconstructed signal. This is referred to as under-sampling of images which occurs in 

many imaging sensors. Because of under-sampling, the high frequency component 

overlap with the low frequency components and get introduced into the reconstructed 

image/signal causing degradation of the image. Such degradation is known as aliasing 

which consequently causes partial loss of scene information. The aliasing may also give 

rise to artifacts thereby corrupting the reconstructed image. In order to reduce these 

artifacts, anti-aliasing techniques are implemented. Figure 1.4 shows as example of an 

aliased, under-sampled image and the original scene. 

   

 Figure 1.4 Example of an under-sampled image (left panel) of an original scene (right-
panel) 
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1.4 Significance of Super-resolution 

As defined earlier, spatial resolution refers to the spacing of pixels in a digital 

image. Therefore, more the number of pixels, more detailed are the information contained 

within the image. So a fundamental question arises as to why in the first place the super-

resolution algorithms are required. To answer this question first one should know about 

the image sensor. 

An image sensor or camera is a device which converts optical energy into an 

electrical signal. Modern imaging sensors are based on the charge-coupled device (CCD) 

technology or a complementary metal-oxide-semiconductor (CMOS) active-pixel sensor. 

This essentially consists of an array of photo-detector elements or pixels that have a 

voltage output proportional to the incident light [8]. The sensor size or equivalently the 

number of sensor elements per unit area in the first place decides the spatial resolution of 

the image to capture. Higher the number of detector elements, more is the resolution. An 

imaging system with inadequate detectors will produce a low resolution image, with 

blocky effect. This is because when a scene is photographed from a low resolution 

camera, it is sampled at a low spatial sampling frequency, causing aliasing effect. Now 

based on this, there can be two possible ways to increase the resolution. 

One is to reduce the size of the photo-detector elements. Thereby increasing the 

density and hence the sampling rate. But as pixel size decreases, the amount of light 

incident on each pixel also decreases, and this causes shot noise [9] [10], which 

degrades the image quality. Increasing the pixel density increases the resolution but also 

causes the shot noise. Thus there exists a limitation on the size of a pixel in a sensor and 

the optimal size is estimated to be about 40μm
2
 [11]. The current image sensor 

technology has almost reached this level. 
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 Another approach to increase the resolution is to increase the wafer size which 

leads to increase in the capacitance [12]. But such an increase in capacitance will 

certainly cause a decrease in charge transfer rate. This limitation causes the image of a 

point light source to be blurred. Also there is distortion due to aliasing because of a low 

sampling rate for a low resolution sensor. In certain defense computer vision applications, 

unmanned aerial vehicles (UAVs) are used for acquiring images. All UAVs have a 

payload carrying capacity and is usually half the UAVs take off or launch weight [13]. It is 

therefore not feasible to mount heavy HR cameras with image stabilization equipment to 

counteract the vibrations of UAVs.  The ever demanding need for high resolution imagery 

stimulated research and development of super-resolution techniques. 

While the image sensors limit the spatial resolution of the image, the image 

details (high-frequency bands) are also limited by the optics, due to lens blurs 

(associated with sensor point spread function (PSF)), lens aberrations effects, aperture 

diffractions, and optical blurring due to motion [14]. Constructing imaging chips and 

optical components to capture very high resolution images is prohibitively expensive and 

not practical in most real applications, e.g., widely used surveillance and cell phone built-

in cameras. Besides the cost, the resolution of a surveillance camera is also limited in 

camera storage and hardware storage. Thus there is a need for developing post 

acquisition signal processing techniques to enhance the resolution. These techniques 

being post processing methods applied on low resolution images, they offer flexibility as 

well as cost benefit since there is no additional hardware cost involved. However, the 

increased computational cost may be the burden that any user has to bear. 

Hence to summarize, the more appropriate way of addressing the previously 

mentioned problems is to accept the image degradations and use signal processing to 

post-process the captured images and to trade off computational cost with the hardware 
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cost. These techniques are specifically referred to as super-resolution (SR) 

reconstruction. 

1.5 Applications of Super-resolution 

The field of super-resolution has a vast area of application. Although the concept 

of super-resolution remains the same, the techniques of achieving HR imagery may or 

may not be same for each and every application. This is because in certain applications 

such as real time video surveillance or target detection, computational time is of great 

importance and hence requires a super-resolution technique with high accuracy and low 

computational cost. On the other hand, for certain applications such as astronomical 

imaging or text recognition, computational cost is not a constraint and therefore such 

application can implement super-resolution techniques with high accuracy and a higher 

computational cost. Few of the applications are: 

1. Surveillance video [15] [16]: frame freeze and zoom region of interest 

(ROI) in video for human perception (e.g., look at the license plate in the 

video), resolution enhancement for automatic target recognition (e.g., try 

to recognize a criminal’s face). 

2. Remote sensing [17]: several images of the same area are provided, and 

an improved resolution can be sought. 

3. Medical imaging (CT, MRI, ultrasound, etc.) [18] [19] [20] [21]: several 

images limited in resolution quality can be acquired, and SR technique 

can be applied to enhance the resolution. 

4. Video standards conversion, e.g., from NTSC video signal to HDTV 

signal. 

5. Astronomical imaging, [22], [23]. 

6. Target detection and recognition [24]. 
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1.6 Research Outline 

In this research, a novel approach to super-resolution image reconstruction is 

proposed. The problem of super-resolution is treated as an inverse problem, where it is 

assumed that LR frames are degraded versions of a HR image. One criteria of solving 

this inverse problem is minimizing the reconstruction error. In other words, the result 

which can produce the same low resolution image as the input one is preferred. The 

iterative back-projection (IBP) [25] algorithm is a classical and efficient method to obtain 

the HR image by minimizing the reconstruction error. It is state of the art method when 

magnification factor is 2. The original IBP method was designed to reconstruct the HR 

image from multiple LR inputs, but this research focuses on only one input image. It can 

minimize the reconstruction errors efficiently by an iterative process. However, it can 

produce many jaggy artifacts along the edges. Hence, focus is on improving the quality of 

the reconstructed image generated by the original IBP method and proposes a new 

super-resolution framework based on edge is preserved.  

 The quality of the initial interpolation image has a very critical impact on the final 

results, especially along the edges. Then this initial image is modified using bilateral 

filtering [26] to preserve true edges, since bilateral filtering can achieve edge-preserving 

image smoothing. The across-edge error propagation can be further reduced by learning 

non-local similarity by the structure of the pixels in LR image. This method is compared 

with bicubic interpolation [27], IBP and Non-local IBP. The reconstructed images can be 

evaluated using perceptual image quality assessment metrics (FSIM [28], SSIM [29]), 

PSNR and MSE. 
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1.7 Summary 

This chapter gives a brief yet comprehensive overview of what super-resolution 

is. It also makes familiarize with some digital image processing concept mainly with the 

factors that induces degradation in images. It also gives a clear idea on why one requires 

super-resolution. This in turn produces the events that demand super-resolution. Hence 

some essential applications of super-resolution are also studied in this chapter. The next 

chapter will give a clearer idea about image super-resolution.
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CHAPTER 2 

OVERVIEW OF SUPER-RESOLUTION TECHNIQUES 

2.1 Introduction 

 The idea of image super-resolution was first introduced by Tsai and Huang [2] in 

1984. Super-resolution image reconstruction has widely been researched in the last two 

decades. Most of the researches has been carried out for combining multiple LR images 

of the same scene to reconstruct a single or more HR image(s) [2] [30] [31] [32] [33]. The 

basic principle underlying most of the aforementioned techniques is to take multiple 

images from the same object under similar lighting conditions but from slightly different 

sensor locations or orientations. When two images provide different views of the same 

object or landscape, the motion or motion vector field (a set of displacements of the pixel 

grid points between the images) is used to keep the grid points tied to their corresponding 

fixed locations on the viewed surface. The true motion between the images is not known, 

and must therefore be approximated that is a complicated and difficult task [34] [35]. 

Furthermore, most of the aforementioned SR techniques are computationally expensive. 

Another major limitation of these techniques is perhaps the requirement of multiple 

images that are often costly to procure and difficult to acquire at the same temporal 

instant, especially for remote sensing. Commonly, the improvement of spatial resolution 

of multi-frame SR algorithm always has to sacrifice the temporal resolution [2]. Other 

limitations include non-suitability of LR images for SR reconstruction; the application of 

SR algorithms is possible only if the images are sub-pixel shifted.  

 Alternatively, many researchers tackled the image fusion problem of 

reconstructing an LR image using a HR image. A typical example is the use of
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panchromatic image for sharpening multi/hyper-spectral images [36] [37] [38] [39] [40] 

[41]. However, SR reconstruction and image fusion are little different. Image fusion 

combines one or several LR images with one or more HR images in order to obtain a 

useful final image with better spatial resolution than LR image. Therefore, fusion methods 

require the use of at least one HR image and the spatial resolution of their results is 

limited by that HR pixel-size. In contrast, SR algorithms do not use any HR image; they 

only depend on LR image(s).  

Another category of super-resolution is called single image (frame) super-

resolution where only one low resolution input is used to produce the high resolution 

image. However, most of the researchers of the existing literatures believe that the 

quality of a single LR image is limited; and interpolation based on an under-sampled 

image does not allow recovering the lost high-frequency information. Hence single LR 

image cannot be used for SR reconstruction and multiple observations of the same scene 

are needed. Typical single-frame SR construction techniques have been criticized widely 

as ‘image enhancement’ by means of image scaling, interpolation, zooming and 

enlargement [42]. Despite the criticisms, these approaches are preferred where multi-

frame techniques are not applicable or affordable.  

2.2 Image Interpolation 

Literally the word interpolation means – “insert (an intermediate value or term) 

into a series by estimating or calculating it from surrounding known values,” in New 

American Oxford Dictionary (NOAD). In signal processing, image interpolation refers to 

the technique of recovering a continuous signal by estimating image data from a set of 

discrete image data samples. Hence, it acts as a bridge between the continuous and the 

discrete domains. Image interpolation forms a fundamental base in image processing and 

is the heart of many computer vision applications such as medical imaging [18] [19], 
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target detection and recognition [24], and astronomical imaging [22]. Almost every image 

processing software implements some interpolation technique for transformations, 

rotations and many other manipulations performed on an image. It is very important that 

the interpolation techniques have a very low computational cost in terms of both, time 

and memory utilization since they are usually implemented at some intermediate step in a 

system. At the same time, it is necessary for the technique to yield good and accurate 

results, or else it could jeopardize the final solution. For instance, in the field of medical 

imaging, computed tomography (CT) or computed axial tomography (CAT) and magnetic 

resonance imaging (MRI) scan employ interpolation techniques during the registration 

process [19]. A slight error in the interpolated data could cause mis-registration thereby 

significantly affecting the accuracy of reconstruction of the final image which may lead to 

wrong diagnosis of a patient. It is therefore very important to choose a correct type of 

interpolation technique, depending upon the nature of its application, which provides the 

best trade-off between accuracy and computational cost. 

2.2.1. Interpolation Properties 

As per the Shannon-Nyquist sampling theorem [43] [2-7] [38] [39], a continuous 

signal (band-limited) can be completely recovered from its samples, if the sampling 

frequency is at least twice the highest frequency (Nyquist frequency) in the original 

signal. For a 1D case, let  f(x)   be the continuous signal to be reconstructed from its 

samples  fk(m) , where k  = 1, 2, …, p. The interpolation process in terms of convolution 

in the spatial domain can then be given as, 

 f (x )  =  f k (m)*h(x )  for k=1, 2, ..p                    (2.1) 

where h(x) is the interpolation reconstruction kernel. For image resampling, the 

interpolation step must reconstruct a two-dimensional (2-D) continuous signal s(x, y) from 

its discrete samples s(k, l) with s, x, y ϵ IR and k, l ϵ IN0
. Thus, the amplitude at the 
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position (x, y) must be estimated from its discrete neighbors. This can be described 

formally as the convolution of the discrete image samples with the continuous 2-D 

impulse response 2Dh(x, y) of a 2-D reconstruction filter 

 

                   (2.2) 

 

In order for the interpolation technique to reconstruct the continuous signal from 

its discrete data samples, the kernel should be, 

 Symmetric: h(x) = h(-x)                                                                (2.3) 

 Zero for all non-zero integers and one if its argument is zero. This rule 

ensures that the interpolation coefficients become the sampled data 

points. 

                                                             (2.4) 
 Separable in order to reduce computational cost. For example, a 2D 

interpolation kernel is given by  h(x, y), then they are separable as: 

             h (x ,  y)  = h(x )  •  h(y)                                                (2.5) 

Therefore, using eq. 3.5 for 2D, eq. 3.1 can be rewritten as: 

f (x,y) = f k (m,n) ⃰  h(x,y)  for k=1, 2, …p                  (2.6) 

         =( (f k  (m,n) ⃰x h(x) ) ⃰y  h(y))  

where ⃰ x and  ⃰y denotes convolution in x and y direction respectively. 

It is a fact that the type, size and shape of the kernel chosen for interpolation are 

major factors contributing to the reconstruction quality of the final image or signal. 

Generally, the size of the interpolation kernel is very crucial since it determines the 

computational cost of the system. 
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Figure 2.1 illustrates the interpolation of the point (x, y) in a 4 x 4 neighborhood. 

Interpolation is performed in the x direction first. The small grey intermediate points in 

Fig. 4 are generated by four one-dimensional (1-D) interpolations. They are used for the 

final 1-D interpolation in the y direction. 

 

Figure 2.1 One-dimensional decomposition of the 2-D N x N interpolation of the 
point (x,y) [44]. 

 
The reason for resampling from a smaller to a larger matrix size is often to make 

an image more pleasing to a human viewer. In this case, the properties of the human 

visual system must be taken into account. Certain types of distortions will be much better 

tolerated by the observer than other distortions. For example, noise which is correlated 

with an image is much more noticeable than noise which is uncorrelated with the image. 

The property which is sought in the final image is not necessarily its mathematical 

similarity to the original scene, but rather the appearance of similarity, i.e., verisimilitude 

(the quality of seeming to be true). Considerable work has been done on interpolation for 

a human observer (for example,see Ratzel [45]). Often, the resampled images are 

produced for further processing by a computer. In this case, verisimilitude is not 

necessarily the best property. Rather, mathematical similarity is more desirable. The form 

of the mathematical similarity will depend on the processing which is to be performed. 



 

  18 

 

 

Keys [27] emphasized similarity of the Taylor series expansion of the two signals. 

Alternately, it may be desirable for the interpolating function to have a flat frequency 

response.  

 
2.2.2. Ideal Interpolation 

Shanon sampling theorem [6] can be formally described as: for a uniformly 

sampled DSP system, an analog signal can be perfectly recovered as long as the 

sampling rate is at least twice as large as the highest-frequency component of the analog 

signal to be sampled. In other words, following two conditions must be true in order to get 

perfect reconstruction: 

1. The signal must be bandlimited. This avoids spectra with in finite extent 

that are impossible to replicate without overlap. 

2. The sampling frequency ƒs must be greater than twice the maximum 

frequency ƒmax present in the signal. This minimum sampling 

frequency, known as the Nyquist rate, is the minimum distance 

between the spectra copies, each with bandwidth ƒmax. 

The first condition merely ensures that a sufficiently large sampling frequency 

exists that can be used to separate replicated spectra from each other. Since all imaging 

systems impose a bandlimiting filter in the form of a point spread function, this condition 

is always satisfied for images captured through an optical system. Note that this does not 

apply to synthetic images, e.g., computer-generated imagery.  

The second condition proves to be the most revealing statement about 

reconstruction. It answers the problem regarding the sufficiency of the data samples to 

exactly reconstruct the continuous input signal. It states that exact reconstruction is 

possible only when ƒs > ƒNyquist where ƒNyquist= 2ƒmax. Collectively, these two conclusions 



 

  19 

 

 

about reconstruction form the central message of sampling theory, as pioneered by 

Claude Shannon in his landmark papers on the subject [6]. 

If the original function f(x) was discretized in accordance with the sampling 

theorem, then ƒ(x) must have been “band limited”—it could not contain any signal 

components with frequencies higher than half the sampling frequency ωs. This means 

that the reconstructed signal can only contain a limited set of frequencies and thus its 

trajectory between the discrete  

Figure 2.2 Sinc function in 1D.The function Sinc(x) has the value 1 at the origin 

and zero values at all integer positions. The dashed line plots the amplitude  of 

the underlying sine function [46]. 
 

sample values is not arbitrary but naturally constrained. In this context, absolute units of 

measure are of no concern since in a digital signal all frequencies relate to the sampling 

frequency. In particular, if τs = 1 as the (unitless) sampling interval, the resulting sampling 

frequency is ωs= 2π and thus the maximum signal frequency is ωmax= ωs/2 = π. To 

isolate the frequency range −ωmax ... ωmax in the corresponding (periodic) Fourier 

spectrum, multiply the spectrum G(ω) by a square windowing function  

Hπ(ω) of width ±ωmax = ±π, 

        (2.7) 
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                (2.8) 

This is called an ideal low-pass filter, which cuts-off all signal components with 

frequencies greater than π and keeps all lower-frequency components un-changed. In 

the signal domain, the operation in Eqn. (2.7) corresponds to a linear convolution with the 

inverse Fourier transform of the windowing function Hπ(ω), which is the Sinc function, 

defined as 

 

                                (2.9) 

 

The sinc function as shown in fig. 2.2 is one instance of a large class of functions 

known as cardinal splines, which are interpolating functions de fined to pass through zero 

at all but one data sample, where they have a value of one. This allows them to compute 

a continuous function that passes through the uniformly spaced data samples. 

Since multiplication in the frequency domain is identical to convolution in the 

spatial domain, sinc(x) represents the convolution kernel used to evaluate any point x 

on the continuous input curve g given only the sampled data gs : 

                       (2.10) 

 

Equation 2.3 highlights an important impediment to the practical use of the ideal 

low-pass filter. The filter requires an in finite number of neighboring samples (i.e., an 

infinite filter support) in order to precisely compute the output points. The Sinc function is 

also known as the ideal reconstruction filter. The function is symmetric, Sinc(x) = Sinc (-

x). Also, the Sinc function is zero for all integer values of its argument except for zero.  
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   (a)                                                      (b)                                                        (c) 

Figure 2.3 Ideal interpolation [44]. (a) Kernel plotted for |x| < 3. (b) 
Magnitude of Fourier transform. (c) Logarithmic plot of magnitude. 

 

 

2.3 Kernel Interpolation 

Simple single image resolution enhancement methods on smoothing and 

interpolation techniques for noise reduction have been commonly used in image 

processing. Smoothing can be achieved by applying various spatial filters such as 

Gaussian, Wiener and median filters. Commonly used interpolation kernels are linear, 

bicubic interpolation [27], cubic spline interpolation [47], and Lanczos [48].  Although the 

implementation of this approach is easy, the shortcomings of the kernel-based approach 

are apparent and can be attributed to the underlying model of the interpolated signal. 

Some of the well-known interpolation techniques that can be utilized as convolution 

kernel are described.  

2.3.1. Linear Interpolation 

This is one of the most popular interpolation techniques. Low complexity hence 

became very popular. The general expression can be given as: 

                                                         (2.11) 
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The values of both direct neighbors are weighted by their distance to the 

opposite point of interpolation. The triangular function ƒ(x) corresponds to modest low-

pass filter in frequency domain as shown in the figure 2.4. As one can notice that the 

sidelobes in the stopband are below 10%, which still is considerable. Therefore, the main 

disadvantages of linear interpolation are both the attenuation of high frequency 

components and the aliasing of the data beyond the cut-off point into the low frequencies 

[49]. 

            

(a)                                 (b)                                                         (c) 

Figure 2.4 Linear interpolation [44]. (a) Kernel. (b) Magnitude of Fourier 
transform. (c) Logarithmic plot of magnitude. 

 

2.3.2. Nearest-Neighbor Interpolation 

Nearest-neighbor technique simply uses the value from the nearest pixel. In 

terms of a convolution kernel this is a rectangular function, with width of one pixel. The 

general expression is given as 

                             (2.12) 
 

Fig. 2.5(b) shows that the Fourier spectrum of the nearest neighbor kernel 

equals the sinc function (expressed in the frequency domain). The logarithmical scale  
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(a) 

(b) 

(c) 

Figure 2.5 Nearest-neighbor. (a) Kernel. (b) Magnitude of Fourier transform. (c) 
Logarithmic plot of magnitude.  
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shows prominent sidelobes in those regions of the frequency domain where the 

repetitions of caused by scanning should be suppressed [Fig. 2.5(c)]. The gain in the 

passband rapidly falls off to 64% at the cutoff point, and the amplitude of the side maxima 

is more than 20% [44]. Therefore, strong aliasing and blurring effects are associated with 

the nearest neighbor method for image interpolation. This is one of the most popular 

interpolation techniques. Low complexity hence became very popular. 

2.3.3. Cubic Interpolation 

The cubic convolution kernel is a third-degree approximation to the sinc function 

[50]. It is symmetric, space-invariant, and composed of piecewise cubic polynomials: 

                   (2.13) 
where−3 < a < 0 is used to make h resemble the sinc function. 

Of all the choices for a, the value −1 is preferable if visually enhanced results are 

desired. That is, the image is sharpened, making visual detail perceived more readily. 

However, the results are not mathematically precise, where precision is measured by the 

order of the Taylor series. To maximize this order, the value a =−0.5 is preferable [27]. A 

cubic convolution kernel with a =−0.5 is shown in figure 2.6.  

 

 

                                                      (a)                                                     (b) 
 

Figure 2.6 Cubic convolution [46]: (a) Kernel (a=-0.5). (b) Fourier transform 
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2.3.4. Windowed Sinc Interpolation 

Sampling theory establishes that the sinc function is the ideal interpolation 

kernel. Since the Sinc filter is spatially unlimited and has an infinite impulse response 

(IIR) filter defined by a slowly converging infinite sum, the function is impracticable. To 

solve this problem, the Sinc function can be multiplied by a function which is non-zero in 

a finite range. This function is referred to as the Window Function w(x) and the Sinc is 

then known as Windowed Sinc Function.   

                                    (2.14)  

The results of this operation are predicted by sampling theory, which 

demonstrates that truncation in one domain leads to ringing in the other domain. 

Truncation is equivalent to the multiplication of with a rectangular function in the spatial 

domain, which is tantamount to a convolution with a sinc function in the frequency 

domain. Therefore, truncations of the ideal interpolator produce ringing effects in the 

frequency domain because a considerable amount of energy is discarded. Figures 2.7 

and 2.8 demonstrate this effect, which also is referred to as the Gibbs’s phenomenon 

[47], produced by a truncated sinc function with N=5 and N=6 supporting points, 

respectively. 
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                      (a)                                      (b)                                          (c) 

Figure 2.7 Truncated sinc interpolation, N =5 [44]. (a) Kernel. (b) Magnitude of Fourier 
transform. (c) Logarithmic plot of magnitude 

 

          

    (a)                                  (b)                                                      (c)             

Figure 2.8 Truncated sinc interpolation, N =6 [44]. (a) Kernel. (b) Magnitude of 
Fourier transform. (c) Logarithmic plot of magnitude 

 

 

2.3.5. Drawbacks of Kernel Interpolation 

These three shortcomings are identified next and will have a central role in the 

subjective evaluation. 
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A common problem with kernel super-resolution is that it smoothes the image 

data in discontinuous regions, producing a larger image which appears rather blurred. 

Kernel filters typically perform very well in smooth areas, but not in edge areas [51]. 

Figure 2.9 shows a graphical image at the top left and at the bottom left the same image 

after decimation and super-resolution by one octave (a factor of two) using a linear 

kernel. The intensities of a 10 pixel part are displayed in the graph on the right of the 

image. The darker line represents the original image, while the lighter line represents the 

super-resolved version. It is clear that the originally steep edge has become less steep in 

the super-resolved image, which is visible as edge blurring. 

 

Figure 2.9 Original image and result (in form of graph) after decimation and bilinear 
super-resolution by one octave (factor of two) [51]. 

Cubic spline interpolators also tend to overshoot sharp discontinuities, producing 

a ringing effect on the edges. Hence it introduces blocking artifacts in diagonal edges or 

lines as shown in fig. 2.10. The diagonal line in this image not only looks blurry, but a 

staircase pattern is also emerging in the bilinearly super-resolved image. This staircase 

pattern or blocking artifacts is caused by the horizontal and vertical orientation of the 
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resampling kernels. Kernel super-resolution is unable to recognize or follow diagonal 

lines, which causes blocking. 

 
(a)                                                                 (b)  

 

 
                                (c)                                                                    (d) 

Figure 2.10 Example of blocking artifacts in images. (a) Original image (b) zoomed up 
portion of image. (c) Result after decimation and bilinear super-resolution by one octave. 
(d)  Result after decimation and bilinear super-resolution by one octave of the portion of 

image. 
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The third problem is the inability to generate high frequency components or fine 

detail. This is needed to make the super-resolved image look more plausible. The original 

and super-resolved images are taken through low pass and high pass filters to show the 

higher deterioration in the high pass signal compared to the low pass signal. 

2.4 Single Image SR Algorithms 

In this section some of the works specifically on single image super-resolution is 

reviewed, which is the topic of this thesis. Early efforts on super-resolution deal with the 

property of analytic continuation of a signal. Essentially, these techniques derive the 

missing high frequency components from a portion of the entire spectrum. This process 

sometimes also referred as spectral extension. Harris [52] established that, given a finite 

extent of an object and a continuous but finite portion of the spectrum of the object, the 

entire spectrum can be generated uniquely using the principle of analytic continuation. 

This leads to an exact and complete reconstruction of the object spectrum if the 

measurements are free of noise. Furthermore, if even a small amount of noise is present 

this entire method becomes highly unreliable. A new view of the problem of continuing a 

given segment of the spectrum of a finite object is presented in [53].  Here the signal 

extrapolation is carried out by the method of alternate projections [54], iterating 

alternately between time and frequency domains. This method relies on the notion of 

reducing the ‘error energy’. A dual of same problem is solved by Papoulis [55] where in 

the spectrum of the bandlimited object is recovered from a finite segment of the object 

using an iterative procedure. 

Recently, many learning-based methods have been proposed for single image 

super-resolution reconstruction. Most of these techniques make use of a set of training 

images to learn the best features for the given low resolution image in order to produce a 

high resolution image. Freeman et al. approached super-resolution from a low level vision 
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learning perspective. An approach to low level vision tasks using belief propagation is 

presented in [56].  In this a learning framework called VISTA – Vision by Image/Scene 

TrAining was proposed. By blurring and down-sampling sharply defined images, a 

training set of sharp and corresponding blurred images was constructed. This scene 

underlying the supplied image data is estimated using a Markov network. To make the 

estimation feasible, both the image data and the scene are separated into patches. This 

approach to low level vision is specifically applied to super-resolution in [57].  It uses the 

high frequency part of the low resolution image as ground truth and the high frequency 

part of the high resolution image as scene to be estimated. A faster version of the 

algorithm that only uses a single pass is introduced in [58]. But these methods are 

somewhat dependent on the training set and hence the results are not stable and 

sometimes produce artifacts in real applications. 

Atkins et al. [59] approached super-resolution using pixel classification. Pixel 

classification aims to sort pixels into classes like horizontal edges and smooth areas. In 

this paper, a tree-based classification approach to super-resolution is introduced. This 

algorithm builds a decision tree with a linear interpolator at each leaf of the tree. Each 

non-leaf node in the tree represents a binary choice. In [59] a similar algorithm is 

introduced, which assigns a pixel to one or more classes in a single step instead of using 

a set of binary choices. 

Battiato et al. [60] have published papers on several super-resolution algorithms. 

In this rule based super-resolution approach called locally adaptive zooming algorithm 

(LAZA) is described. In LAZA, the authors use simple rules and configurable thresholds 

to detect edges and update the interpolation process accordingly. In [61] the same 

authors introduce an algorithm that incorporates anisotropic diffusion like the smart 

interpolation by anisotropic diffusion (SIAD) to sharpen edges. 
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Muresan and Parks published several papers [62], [63], [64] on super-resolution 

based on the optimal recovery principle. The authors model the image as belonging to a 

certain ellipsoidal signal class. Together with Kinebuchi [65] a wavelet-based algorithm 

using hidden Markov trees was introduced. It uses lower frequency wavelet coefficients 

to predict the highest frequency coefficients. By applying an inverse wavelet transform 

after prediction, a one octave super-resolved image results. 

Su and Willis [66] present super-resolution by triangulation on pixel level. Yu et 

al. [67] present super-resolution by data-dependant triangulation (DDT). These methods 

use linear interpolation that is not generally aligned with the coordinate axes to reduce 

visible artifacts caused by this alignment. It is shown by the last authors that results can 

be further improved by improving the algorithm that searches for the optimal triangulation 

of the source image. 

Another approach that is explicitly directed at maintaining sharp edges is the use 

of subpixel edge localization by Jensen and Anastassiou [68]. This approach detects the 

most prominent edge in the local window with subpixel precision and uses the resulting 

edge template to obtain sharper edges in super-resolved images. 

There are also a range of commercial products available that rely on an 

algorithm more advanced than kernel-based resampling. Some worth mentioning are 

PhotoZoom Professional by BenVista [69], Imagener by Kneson Software [70], Qimage 

by Digital Domain [71], and SmartScale by Extensis [72]. The Pictura software makes 

use of a modified version of the algorithm presented in [62] by Muresan and Parks. The 

PhotoZoom Professional software was previously known as S-Spline by Shortcut, but has 

gone through some changes in name and company. 
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2.5 Summary 

In this chapter, the basics of interpolation techniques were discussed. It was also 

learnt that why this simple and robust kernel interpolation do not produce desirable 

images. In addition discussed are some of the earlier super-resolution techniques to 

some of the newer methods. In the next chapter the integral components on this 

proposed framework for super-resolution are explained in detail.
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CHAPTER 3 

INTEGRAL PARTS 

3.1 Bilateral Filtering 

3.1.1. Introduction 

Filtering is perhaps the most fundamental operation of image processing and 

computer vision. In the broadest sense of the term "filtering", the value of the filtered 

image at a given location is a function of the values of the input image in a small 

neighborhood of the same location. For example, Gaussian low-pass filtering computes a 

weighted average of pixel values in the neighborhood, in which the weights decrease with 

distance from the neighborhood center [1]. Although formal and quantitative explanations 

of this weight fall-off can be given, the intuition is that images typically vary slowly over 

space, so near pixels are likely to have similar values, and it is therefore appropriate to 

average them together. The noise values that corrupt these nearby pixels are mutually 

less correlated than the signal values, so noise is averaged away while signal is 

preserved. The assumption of slow spatial variations fails at edges, which are 

consequently blurred by linear low-pass filtering. How can one prevent averaging across 

edges, while still averaging within the smooth regions? Many efforts have been devoted 

to reducing this undesired effect [73] [74] [75] [76] [77] [78] [79]. Bilateral filtering is a 

simple, non-iterative scheme for edge-preserving smoothing. 

3.1.2. Concept 

The basic idea underlying bilateral filtering is to apply the range of an image what 

traditional filters implement in its domain. Two pixels can be close to one another, that is, 

occupy nearby spatial location, or they can be similar to one another, that is, have nearby

http://homepages.inf.ed.ac.uk/rbf/CVonline/LOCAL_COPIES/MANDUCHI1/Bilateral_Filtering.html#[1]
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values, possibly in a perceptually meaningful fashion. Closeness refers to vicinity in the 

domain, similarity to vicinity in the range. Traditional filtering is domain filtering, and 

enforces closeness by weighing pixel values with coefficients that fall off with distance. 

Similarly, range filtering can be viewed as a filtering method, which averages image 

values with weights that decay with dissimilarity [26]. Range filters are nonlinear because 

their weights depend on image intensity or color. Computationally, they are no more 

complex than standard non-separable filters. Most importantly, they preserve edges. 

Spatial locality is still a predominant factor. In fact, range filter by itself merely 

distorts an image’s color map. Hence, the combination of range and domain filtering is 

worth noticing. This combined filtering is denoted as bilateral filtering. Consider a shift-

invariant low-pass domain filter applied to an image f(x) [26]: 

                               (3.1) 

where c(ξ, x) measures the geometric closeness between the neighborhood center x and 

a nearby point ξ. The bold font for f and h emphasizes the fact that both input and output 

images may be multi-band. In order to preserve the DC component, kd must be 

            (3.2) 

If the filter is shift-invariant, c(ξ, x) is only a function of vector difference ξ – x, 

and kd is constant. 

Range filtering is similarly defined: 
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               (3.3) 

except that now s(f(ξ), f(x)) measures the photometric similarity between the pixel at the 

neighborhood center x and that of a nearby point ξ.  Thus, the similarity function s 

operates in the range of the image function f, while the closeness function c operates in 

the domain of f. The normalization constant kr in this case is  

 

  (3.4) 

 

The spatial distribution of image intensities plays no role in range filtering taken 

by itself. Combining intensities from the entire image, however, makes little sense, since 

the distribution of image values far away from x ought not to affect the final value at x. In 

addition, one can show that range filtering without domain filtering merely changes the 

color map of an image, and is therefore of little use. The appropriate solution is to 

combine domain and range filtering, thereby enforcing both geometric and photometric 

locality. Combined filtering can be described as follows [26]: 

 

           (3.5) 

with the normalization  

                                                          (3.6) 
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(a) 

 

(b) 

 

(c) 

Figure 3.1 (a) A 100-gray-level step perturbed by Gaussian noise with σ = 10 gray 
levels. (b) Combined similarity weights c(ξ, x)s(f(ξ), f(x)) for a 23 x 23 neighborhood 
centered two pixels to the right of the step in (a). The range component effectively 

suppresses the pixels on the dark side. (c) The step in (a) after bilateral filtering 
with σr = 50 gray levels and σd = 5 pixels [26]. 
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Combined domain and range filtering is denoted as bilateral filtering. It replaces 

the pixel value at x with an average of similar and nearby pixel values. In smooth regions, 

pixel values in a small neighborhood are similar to one another, and the bilateral filter 

acts essentially as a standard domain filter, averaging away the small, weakly correlated 

differences between pixel values caused by noise [26]. Consider now a sharp boundary 

between a dark and a bright region, as in figure 3.1(a). 

When the bilateral filter is centered, say, on a pixel on the bright side of the 

boundary, the similarity function s assumes values close to one for pixels on the same 

side, and values close to zero for pixels on the dark side. The similarity function is shown 

in figure 3.1(b) for a 23x23 filter support centered two pixels to the right of the step in 

figure 3.1(a). The normalization term k(x) ensures that the weights for all the pixels add 

up to one. As a result, the filter replaces the bright pixel at the center by an average of 

the bright pixels in its vicinity, and essentially ignores the dark pixels. Conversely, when 

the filter is centered on a dark pixel, the bright pixels are ignored instead. Thus, as shown 

in figure 3.1(c) with σr = 50 and σd = 5, good filtering behavior is achieved at the 

boundaries, thanks to the domain component of the filter, and crisp edges are preserved 

at the same time, thanks to the range component. 

A simple and important case of bilateral filtering is shift-invariant Gaussian 

filtering, in which both the closeness function c and the similarity function s are Gaussian 

functions of the Euclidean distance between their arguments. More specifically, c is 

radially symmetric [26]: 

                         (3.7) 

where 
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                                                                      (3.8) 

is the Euclidean distance [80]. The similarity function s is perfectly analogous to c : 

                                                        (3.9) 

where 

                                                  (3.10) 

is a suitable measure of distance in the intensity space. In the scalar case, this may be 

simply the absolute difference of the pixel difference or, since noise increases with image 

intensity, an intensity-dependent version of it. Just as this form of domain filtering is shift-

invariant, the Gaussian range filter introduced above is insensitive to overall additive 

changes of image intensity. Of course, the range filter is shift-invariant as well.  

The geometric spread σd in the domain is chosen based on the desired amount 

of low-pass filtering.  A large σd blurs more, that is, it combines values from more distant 

image locations. Also, if an image is scaled up or down, σd must be adjusted accordingly 

in order to obtain equivalent results. Similarly, the photometric spread σr in the image 

range is set to achieve the desired amount of combination of pixel values. Loosely 

speaking, pixels with values much closer to each other than σr are mixed together and 

values much more distant than σr are not. If the image is amplified or attenuated, σr must 

be adjusted accordingly in order to leave the results unchanged [26].  
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Fig 3.2 (a) and Fig 3.2 (b) show the effectivenesss of bilateral filtering on 

grayscale images and color images by introducing  Additive White Gaussian Noise 

(AWGN) to the input images. An interesting application of bilateral filtering is shown in 

Fig. 3.3 as given in [81]. 

(a) 

(b) 
Figure 3.2 Gray-scale original image with AWGN (left panel) and bilateral filtered 

image(right panel) with σr = 0.1 gray levels and σd = 3 pixels (b) (b) Color original image 
with AWGN (left panel) and bilateral filtered image(right panel) with σr = 0.1 gray levels 

and σd = 3 pixels 
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Figure 3.3 CARTOON Image abstraction using bilateral filtering [81]. 
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3.2 Mean Shift Image Segmentation 

3.2.1. Introduction 

Image segmentation plays a crucial role in various image processing applications 

in several domains, including industrial as well as medical applications [82]. It describes 

the task of partitioning an image into several segments or regions. In other words, it is the 

decomposition of a gray level or color image into homogeneous tiles. This is arguably 

most important low-level vision task. Common segmentation approaches include simple 

thresholding techniques [83], graph-based methods [84], and level set techniques [85] 

among others. They have been applied to images from different imaging modalities in 

typically two or three dimensions, e.g., gray/color images, high dynamic range images, 

CT/MR datasets, and multispectral images. In general, these methods are adapted to the 

specific application [86] [87] [88] [89]. 

Mean shift is an unsupervised clustering algorithm [90], which estimates the 

gradient of a probability density function to detect modes in an iterative fashion. Hence, 

image segmentations that take color/intensity-similarity as well as local connectivity into 

account, can be obtained by applying this algorithm to the combined spatial-range 

domain [91]. Mean shift segmentation has been successfully applied to several 

applications [91] [92] [93]. 

The basic processing of mean shift image segmentation relies on the joint 

domain. The description for the joint domain is as follows: 

An image is typically represented as a two-dimensional lattice of p-dimensional 

vectors (pixels), where p=1 in the gray-level case, three for color images, and p > 3 in the 

multispectral case. The space of the lattice is known as spatial domain, while the gray 

level, color or spectral information is represented in range domain.  The concatenation of 

location vectors and range vectors gives rise to joint spatial-range domain of dimension 
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d=p+2. Now this concatenation must be compensated by a proper normalization. Thus, 

the multivariate kernel is defined as the product of two symmetric kernels and the 

Euclidean metric allows a single bandwidth parameter for each domain [94]: 

   (3.11) 

 

where xs is the spatial part, xr is the range part of the feature vector, v(x) the common 

profile in both the two domains, hs and hr the employed kernel bandwidths, and C the 

corresponding normalization constant. In practice, an Epanechnikov [95] or a (truncated) 

normal kernel always provides satisfactory performance, so the user only has to set the 

bandwidth parameter h = (hs, hr), which, by controlling the size of the kernel, 

determines the resolution of the mode detection [94]. 

3.2.2. Edge preserving smoothing 

Smoothing through replacing the pixel in the window by the (weighted) average 

of the pixels in the window indiscriminately blurs the image, removing not only the noise 

but also salient information. Discontinuity preserving smoothing techniques, on the other 

hand, adaptively reduce the amount of smoothing near abrupt changes in the local 

structure, i.e. edges. 

Many approaches have been implemented to achieve this goal, form adaptive 

Wiener filtering [31], to implementing isotropic [50] and anisotropic [44] local diffusion 

processes. The diffusion based techniques, however, do not have a straightforward 

stopping criterion and, after a sufficiently large number of iterations, the processed image 
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collapses into a flat surface. The connection between anisotropic diffusion and M-

estimators is analyzed in [5].  

The bilateral filters also work in the joint spatial-range domain. The data is 

independently weighted in the two domains and the center pixel is computed as the 

weighted average of the window. The fundamental difference between the bilateral 

filtering and the mean shift-based smoothing algorithm is in the use of local information 

[94]. 

 

3.2.3. Mean Shift Filtering 

Mean shift filtering is a data clustering algorithm commonly used in computer 

vision and image processing. For each pixel of an image (having a spatial location and a 

particular color), the set of neighboring pixels (within a spatial radius and a defined color 

distance) is determined. For this set of neighbor pixels, the new spatial center (spatial 

mean) and the new color mean value are calculated. These calculated mean values will 

serve as the new center for the next iteration. The described procedure will be iterated 

until the spatial and the color (or grayscale) mean stops changing. At the end of the 

iteration, the final mean color will be assigned to the starting position of that iteration. 

The kernel (window) in the mean shift procedure moves in the direction of the 

maximum increase in the joint density gradient, while the bilateral filtering uses a fixed, 

static window. In the image smoothed by mean shift filtering, information beyond the 

individual windows is also taken into account [94]. 

Mean shift filtering with uniform kernel having (hs, hr) = (8,4) has been applied to 

the often used 256x256 gray-level cameraman image (Fig. 3.4(a)), the result being 

shown in Fig. 3.4(b). The regions containing the grass field have been almost completely 
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smoothed, while details such as the tripod and the buildings in the background are 

preserved. 

Figure 3.4 Cameraman image. (a) Original (b) Mean shift filtered (hs,hr) = (8,4). 
 

3.3 Shock filter 

3.3.1. Introduction 

In the past decade there has been a growing amount of research concerning 

partial differential equations in the fields of computer vision and image processing [96]. 

Applications, supported by rigorous theory, were developed for purposes such as image 

denoising and enhancement, segmentation, object tracking and many more [97]. The 

research is focused mostly on linear and nonlinear parabolic schemes of diffusion-type 

processes. Osher and Rudin [98] proposed a hyperbolic equation called shock filter that 

can serve as a stable deblurring algorithm approximating deconvolution. 

The basic idea behind shock filters is the process of applying either erosion or 

dilation in a much localized manner, in order to create a “shock” between two influence 
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zones, one belonging to a maximum and the other to a minimum of the signal. By 

iterating this process (modeled using a PDE framework) according to a small time 

increment dt , one can ultimately obtain a piecewise constant segmentation of the input 

image, thus leading to a  deblurred output.  

The use of shock filters as a means of image enhancement is recommended by 

the advantages this particular method offers: they create strong discontinuities at image 

edges and furthermore, the filtered signal within a region delineated by those edges 

becomes flat. In other words, shock filters create segmentation. Due to their discrete 

mathematical definition they are inherently unstable, meaning that they require special 

discretization schemes in order to preserve the total variation of the signal. Another 

property of shock filters underlined in [99] is that they satisfy the maximum-minimum 

principle which states that the range of the filtered image remains within the range of the 

original image. Another advantage of shock filters over other image enhancement 

methods, such as Fourier or wavelet-based ones is that phenomena like the Gibbs 

phenomenon cannot appear [100]. 

3.3.2. Concept 

The first definition of the shock filter can be traced back to 1975 when Kramer 

and Bruckner have defined the first concepts regarding shock filter theory [101]. The 

formulation of the shock filter equation is: 

                                 It = -|Ix|F(Ixx),      (3.12) 

where F should satisfy F(0)=0, F(s)sign(s) ≥0. Choosing F(s) = sign(s) gives the classical 

shock filter equation as per Kramer and Bruckner definition [102]: 

It = -sign(Ixx)|Ix|                             (3.13) 
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where I represents the image and Ix and Ixx represent the first, respectively the second 

directional derivatives of the image I. Equation 3.13 represents a generic definition since 

the direction x is not properly defined. The first term of the equation represents the edge 

detector (in this case the Canny edge detector [103]) used for shock filter steering [100].  

The actual term of shock filter was introduced in 1990 by Osher and Rudin [98] when 

they proposed this new class of filters based on PDEs and defined the minmod numerical 

scheme for successfully avoiding any instabilities of the algorithm, since the shock filter 

theory is defined only on a discrete domain. The minmod function can be given as: 

    (3.14) 

The shock filter main properties are [104]: 

 Shocks develop at inflection points (second derivative zero-crossings). 

 Local extrema remain unchanged in time. No new local extrema are created. The 

scheme is total variation preserving (TVP). 

 The steady state (weak) solution is piece-wise constant (with discontinuities at 

the inflection points of I0). 

 The process approximates deconvolution. 

As noted in [98], any noise in the blurred signal will also be enhanced.  As a 

matter of fact this process is extremely sensitive to noise. Theoretically, in the continuous 

domain, any white noise added to the signal may add an infinite number of inflection 

points, disrupting the process completely. The performance of the shock filter with and 

without noise can be compared in Fig. 3.5. Clearly the signal in the noisy case is not 

enhanced and the process results mainly in noise amplification. 
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Figure 3.5 Signal (sine wave) and its steady state shock filter solution without 
noise (top) and with very low additive white Gaussian noise, SNR=40dB (bottom) [104] 

 
3.3.3. Previous Works 

The noise sensitivity problem is critical and unless properly solved - might 

prevent most practical uses of shock filters. Previous studies addressed the issue 

suggesting several solutions. The common way seen in literature to increase robustness 

([105] - [108]) is to convolve the signal’s second derivative with a lowpass filter, such as a 

Gaussian: 

It = -sign(Gσ *Ixx)|Ix|                      (3.15) 

where Gσ is a Gaussian of standard deviation σ. 

This is generally not sufficient to overcome the noise problem: convolving the 

signal with a Gaussian of moderate width will in many cases not cancel the inflection 

points produced by the noise. Their magnitude will be considerably lower, but there will 

still be a change of sign at these points, which will lead the flow to go in opposite direction 

at each side. For very wide (large scale) Gaussians - most inflection points produced by 
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the noise are diminished, but at a cost: the locations of the signal’s inflection points are 

less accurate. Moreover, the effective Gaussian’s width σ is in many cases larger than 

the length of the signal, thus causing the boundary conditions imposed on the process to 

strongly affect the solution. Lastly, from a computational point of view, the convolution 

process at each iteration is costly [104].  

If the issue is addressed as an enhancing-denoising problem, one can devise an 

approach in which smoother parts are denoised keeping edges sharpened. The main 

idea is to add some sort of anisotropic diffusion term with an adaptive weight between the 

shock and the diffusion processes. Alvarez and Mazorra were the first to couple shock 

and diffusion in [1] proposing an equation of the form: 

   (3.16) 

where c is a positive constant and ξ is the direction perpendicular to the gradient .  

In order to account for the magnitude of the second derivative controlling the flow 

- from the original shock filter formulation of equation 3.12 and choose F(s) = (2/π) 

arctan(a s). This function is a “soft” sign, where a is a parameter that controls the 

sharpness of the slope near zero. The equation is therefore: 

           (3.17) 

where λ > 0 is a constant weight parameter. In this way the inflection points are not of 

equal weight anymore; regions near edges, with large magnitude of the second derivative 

near the zero crossing, will be sharpened much faster than relatively smooth regions. 
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Figure 3.6 Schematic diagram of the super-resolution algorithm. A high-resolution 

reconstructed image (left) is sought, which gives simulated low-resolution images that are 
as close as possible to the observed low-resolution images [109]. 

 

3.4 Iterative Back-Projection 

The iterative back-projection (IBP) technique [25] can accomplish the HR image 

interpolation and de-blurring simultaneously. Its underlying idea is that the reconstructed 

HR image from the degraded LR image should produce the same observed LR image if 
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passing it through the same blurring and downsampling process. The IBP technique can 

minimize the reconstruction error by iteratively back-projecting the reconstruction error 

into the reconstructed image. 

IBP is an efficient algorithm to acquire the HR image by minimizing the norm of 

the reconstruction error. Given an estimate of the reconstructed HR image and a model 

of the imaging process, a set of simulated LR images can then be generated. Each 

simulated LR image is compared with the actual version and then the error can be used 

for correcting the estimated image. In fact, it is difficult to restore a HR image in a one-

shot manner. Hence, an iterative procedure is needed. This simulate/correct process is 

iterated until some stopping condition is achieved. Generally, the minimization of some 

error criterion between the simulated and observed LR images is adopted as the stopping 

condition [110]. 

Super-resolution of monochrome and color low resolution image sequences was 

considered by Irani and Peleg [25]. They derived an iterative back-projection algorithm 

based on computer aided tomography. The schematic diagram of super-resolution 

algorithm is given in Fig. 3.6. The algorithm starts with an initial guess ( X0) for the output 

high-resolution image ( X1) and the imaging process (A) is simulated to generate low-

resolution images (bsim) based on the initial guess. These simulated low-resolution 

images are then compared with the observed ones (b) and the error generated between 

them is back-projected onto the initial guess via back-projection operator (Abp), thereby 

minimizing the error iteratively. 

                  (3.18) 
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The algorithm considers translational and rotational motion but the authors claim 

that the same concept can be applied to other motions also. They considered multiple 

motion analysis in [25] including occlusion and transparency. The algorithm successfully 

solves the issue of blur and noise, however due to the ill-posed nature of super-

resolution; the technique is unable to generate a unique solution.  

 

3.5 Similar structure learning 

Because of the constant back-projection kernel, the reconstruction error is back 

projected into the reconstructed image isotropically. This produces artifacts across the 

edges. These artifacts can be removed by the post-processing step. The structure of low 

resolution (LR) image is employed to guide the high resolution (HR) image. Hence it is 

better to first learn the structural content of each HR pixel, from the LR input pixels. Then 

find the correlation among the pixels with the similar structure. At the end, one can 

employ this correlation to correct the reconstructed image. 

The matching process involves computation of the similarity measure for each 

disparity value, followed by an aggregation and optimization step. Since these steps 

consume a lot of processing power, there are significant speed-performance advantages 

to be had in optimizing the matching algorithm. 

One way to learn the similar structure can be described as follows: First learn the 

structure of HR pixel from the LR image. The image signal is not a static signal, but local 

image signal can be considered as stationary signal. Consider small squared windows (B 

with n2 pixels) as basic structure elements. The criterions that can be used to find the 

pixels with similar structure are the zero-mean normalized cross correlation (CC) and the 

mean absolute differences (MAD) [111]. 
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                        (3.19) 

 

                                  (3.20) 

where Ω contains all the pixels of the reference window Bref ; x and x’ are the given pixel 

and reference pixel respectively; B and      are denoted as the mean values of 

respectively B and Bref. The transformation of the coordinates is characterized by the 

mapping function m. To simplify the registration problem and particularly to save 

computation time, pure translation motions of B are assumed. The main motive to use 

these two criterions is because they are somewhat complementary: CC emphasizes the 

similarity of the structural or geometrical content of the windows, while MAD underlines 

the similarity of the luminance (and color) information. A matched window is found if the 

two measures ECC and EMAD satisfy the respective thresholds τCC and τMAD, more 

specifically: ECC > τCC and EMAD < τMAD [111]. This implementation uses an exhaustive 

search in order to find the matching windows, but more intelligent (pattern-based) search 

algorithms can reduce the computation time enormously. 

3.6 Summary 

In this chapter some of the integral components of this thesis are introduced. It 

started with bilateral filtering which is a type of edge preserving smoothing filter. To 

further preserve the edges in the images mean shift image segmentation can be used. 

Shock filters can help to clearly discriminate between the homogenous patterns. Iterative 

back projection algorithm reduces the errors present in the reconstructed image to a 
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minimum. Finally, by learning similar structure in the low resolution image, one can 

incorporate in the final high resolution image to get better perceptual quality. In the next 

chapter the proposed flow for the image super-resolution using these techniques are 

given.



 

  54 

 

 

CHAPTER 4 

PROPOSED FRAMEWORK FOR SUPER-RESOLUTION 

4.1 Introduction 

This thesis proposes a novel approach to single image super-resolution. The 

goal of single image super-resolution is to recover a high-resolution image from a low-

resolution image.  Although much work has been done, super-resolution has not been 

solved very well yet. As pointed out in [112], the generation process of a low-resolution 

image can be modeled as smoothing and down-sampling a high-resolution image. Single 

image super-resolution is a challenging problem because there is inevitable information 

loss in down-sampling and the number of unknowns in the recovery exceeds the number 

of observed data.  

Almost all image super-resolution methods [[56], [113], [114], [115], [116], [117]] 

need an initial high-resolution image for latter steps via up-sampling the input low-

resolution image. Previous approaches often use interpolation methods (e.g., bicubic 

interpolation [27]) to obtain the initial high resolution results. Such a simple method 

severely degrades the final results. In this thesis, a novel up-sampling method is 

implemented to obtain the initial high-resolution result. The primary focus is on improving 

the quality of the reconstructed image generated by the original Iterative back projection 

(IBP) [25] method and proposes a new SR framework based on edge preservation.    

4.2 Problem Statement 

The iterative back-projection (IBP) algorithm [25] is a state of art method when 

the magnification factor is 2 [118]. This is an efficient method to obtain the HR image by
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minimizing the reconstruction error. The original IBP method was designed to reconstruct 

the HR image from multiple LR inputs. Here, the focus is just on one input image only. 

In theory, the degradation process from HR image to LR image can be modeled 

by a combination of the blur effect (due to the atmosphere, the object/camera motion, 

and the sensor), and the down-sampling operations [119]. This can be formulated as 

follows: 

IL = (IH ∗ g) ↓d     (4.1) 

where IH and IL are the HR and LR images respectively, g is the point spread function 

(PSF), ∗ is the convolution operator, and ↓d is the down-sampling operator with scaling 

factor d. In iterative procedure, there are two steps:  

(1) Compute the reconstruction error as follows: 

er(I) = IL – (I ∗ g) ↓d      (4.2) 

The reconstruction error of an HR image I can be defined as the difference 

between the LR input image IL, and the synthesized LR image by I. 

(2) Update the HR image with the reconstruction error as follows 

                    (4.3) 

where is the HR image at the tth iteration, ↑ is the up-sampling operator, p is a 

constant back-projection kernel. 

It is shown in [25] that for d=1(the problem of SR is equivalent to the problem of 

deblurring in this case) and for multiple LR input images, the back-projection algorithm 

[25] can converge to the desired deblurred image, which satisfies Eqn. 4.1 for all LR 

inputs under their corresponding geometry transform, with an exponential rate under 

certain conditions. 



 

  56 

 

 

Theorem 1 By updating the HR image with the back-projection iteration  will 

converge to desired image Ic, which satisfies Eqn. 4.1, with an exponential rate for all 

d≥1, given ||δ−g∗p↓d||1 < 1. 

The proof of Theorem 1 is presented in [119]. It means that by applying the back-

projection method iteratively, the reconstruction error can be minimized efficiently for any 

positive integer scaling factor d, with one LR input image, when||δ−g∗p↓d||1 < 1. Similar 

to the discussion in [25], back-projection filter corresponding to smaller value of 

||δ−g∗p↓d||1 will have faster converging speed, while it may produce numerically 

unstable results [119]. 

Figure 4.1 The distribution of the error using different interpolation algorithms [118]. 

converges to the original image with an exponential rate, which was proved in 

[25]. However, it can be easily observed that  may converge to an HR image with 
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jaggy artifacts especially along the strong edges. There are two reasons for this result. 

One is the initial interpolation cannot preserve the edge. The other is that the 

reconstruction error is back projected into the reconstructed image without considering 

the structural content of the pixel. 

(a) 

(b) 

Figure 4.2 (a) Original image on left panel and its top right cropped image on the right 
panel. (b)Interpolation of the cropped image using nearest neighbor (left panel) and 

bicubic (right panel). 
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The extent with which the initial interpolation affects the quality of the HR image 

generated by the IBP method can be shown experimentally. Consider two interpolation 

algorithms, bicubic interpolation and nearest neighbor interpolation, as the initial image 

estimate. As in [118], 50 natural gray images are tested whose size is M x N. Hence in 

total 50xMxN pixels are examined. Define  is the value of the original pixel,  is 

the value of the reconstructed pixel. The error of pixel can be defined as the difference 

between the original pixel and the output pixel as follows: 

      (4.4) 

Figure 4.1 is the distribution diagram of the error of 50 x M x N pixels. When the 

error of pixel is zero, the number of pixels using bicubic interpolation as the initial 

estimate is more than that using nearest neighbor. It can be seen that the total number of 

errors of pixels using bicubic interpolation as the initial estimate is fewer than the nearest 

neighbor as the initial estimate. 

Figure 4.2 shows the HR images generated by using the bicubic interpolation 

method and using the nearest neighbor interpolation. It is observed that with bicubic 

interpolation, there is better edge preservation and fewer jaggy artifacts than nearest 

neighbor interpolation (see the letters in the fig. 4.2(b)). So an initial estimate with better 

edge preservation will lead to promising final results. 

 

4.3 The proposed SR framework 

In this thesis, a new framework is proposed to improve the HR image 

reconstruction quality. The proposed SR framework is shown in Fig. 4.3. It includes a pre-

processing procedure and a post-processing procedure. The pre-processing step is to 
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strengthen the true edge. The post-processing step can remove the jaggy artifacts 

produced by the back projected reconstruction error. 

A novel up-sampling method is proposed to obtain the initial high-resolution 

result. Our scheme incorporates a soft-edge and a hard-edge constraint in up-sampling. 

The soft-edge constraint is enforced via bilateral filtering [26] which smoothes the image 

while preserving edges. The hard-edge constraint is enforced after applying the mean 

shift image segmentation algorithm [94]. 

After obtaining the initial result via up-sampling, the complex shock filter [104] is 

used to enhance strong edges in the high-resolution image, instead of imposing prior 

knowledge on the high-resolution image which is used in previous methods [[114], [115], 

[120], [116]]. 

Then, a reconstruction constraint on the high-resolution image is enforced and 

the final result is solved by back projection [119]. The results obtained by the original 

back projection [119] often suffer from ringing artifacts. Due to the combination of up-

sampling scheme and the complex shock filter, this algorithm obtains results without 

noticeable ringing artifacts. 

Finally, in order to further stop the across-edge error propagation, non-local 

similarity by the structure of the pixels in LR image is learnt and this similar correlation is 

employed to correct the reconstructed HR image [111]. The experimental results show 

that the proposed method can improve the output results both in visual perception and in 

objective estimation. 
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Figure 4.3  The proposed SR framework. 
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4.3.1. Upsampling 

In previous image up-sampling algorithms [60], the filter is constructed 

considering only spatial information with useful intensity information discarded. Motivated 

by bilateral filtering in [26], a novel up-sampling scheme considering both spatial and 

intensity information is implemented. Bilateral filtering can be defined as: 

 (4.5) 

where I is the input image, and Ω is the set of all pixels of the image, p and q 

denote pixel locations over the image, and W(p) is the normalization constant at p, and 

σs and σr are standard deviations of two Gaussian functions and , respectively. 

As explained in section 3.1, the intuition of bilateral filtering is to smooth the 

image using pixels which are close both in the spatial domain and in the intensity domain. 

This can be called as soft-edge constraint. In this algorithm, to interpolate a target pixel, 

the nearby pixels with similar colors are chosen to interpolate a target pixel. In order to 

preserve edges even better, a hard-edge constraint can be utilized [121]. In this method, 

first segmentation is performed on the input low resolution image by mean shift algorithm 

[94]. Then for each pixel, only the pixels in the same segment [121] are used. 

Mean shift can be easily viewed as a nonparametric estimator of density 

gradient. It is employed in the joint, spatial-range (value) domain of gray level and color 

images for discontinuity preserving filtering and image segmentation. As stated by 

Comaniciu et al. [94], “an image is typically represented as 2-dimensional lattices of r-

dimensional vectors (pixels), where r is1 in the gray level case, 3 for color images, or r > 

3 in the multispectral case. The space of the lattice is known as the spatial domain while 
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the gray level, color, or spectral information is represented in the range domain. 

However, after a proper normalization with σs and σr global parameters in the spatial and 

range domains, the location and range vectors can be concatenated to obtain a spatial-

range domain of dimension d = r+2.” 

To explain this clearly, consider an image as set of vectors in the spatial-range 

domain: 

I = { xj }  where j=1,… ,n    (4.6) 

Each vector xj has two parts, a spatial part and a range part, where the range 

part may be written as a function of the spatial part: 

            (4.7) 

The superscripts s and r denote the spatial and range parts of the vectors, 

respectively. Hence, the image vectors can be referred as pixels, and name the spatial 

and the range part, pixel location and pixel value, respectively. 

The mean shift procedure [94] is applied for all the data points in the joint spatial-

range domain. Each data point becomes associated with a point of convergence which 

represents the local mode of the density in the d-dimensional space. The process, having 

the parameters σs and σr, takes into account simultaneously both the spatial and range 

information. 

The output of the mean shift filter for an image pixel is defined as the range 

information carried by the point of the convergence. This process achieves a high quality 

discontinuity preserving spatial filtering. For the segmentation task, the convergence 

points sufficiently close in the joint domains are fused to obtain the homogeneous regions 

in the images. 
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Let IM be the result of mean shift image segmentation. By combining both the 

soft-edge constraint and the hard-edge constraint, the up-sampling is formulated as: 

 (4.8) 

                 (4.9) 

                                 (4.10) 

where β is a balance parameter, ph is pixel position in the high-resolution image, and pl is 

the position in the low-resolution image corresponding to ph. If the coordinates of pl are 

not integers, IL(pl) and IM(pl) are obtained by nearest interpolation on the low-resolution 

image. The term βIL(pl) in equation 4.8 is used to emphasize the importance of the filter 

center pl. 

4.3.2. Shock Filtering 

From section 3.3 it is known that the Shock filters are based on the idea to apply 

locally either dilation or erosion process, depending on whether the pixel belongs to the 

influence zone of a maximum or a minimum. The decision between dilation and erosion is 

made using the sign function (also called the signum) s in the set {-1, 0, +1} based on the 

Laplace operator [101]. Applying this procedure produces a sharp discontinuity called 

shock at the borderline between two influence zones. 

Another desirable goal is the ability to change the process behavior with time in a 

controlled manner. The basic idea is that processes controlled by the gradient magnitude 
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have large errors in estimating gradients at the initial stages, where the signal is still very 

noisy. Therefore a preliminary phase of mainly noise removal can be advantageous 

[122]. It is suggested to use two processes with continuous transition in time, beginning 

with linear diffusion at time zero (strong denoising), and advancing towards high 

nonlinearity (strong edge-preserving properties) [78]. 

Similar ideas can be applied here. It is desired to decrease the shock effects of 

the process at the beginning (when estimating the signal’s inflection points is difficult) - 

allowing the diffusion process to smooth out the noise. As the evolution advances, false 

inflection points produced by the noise are greatly reduced and the enhancing shock part 

can gain dominance. A simple way to do that is to multiply the second derivative of the 

shock part by time t. Hence, equation 3.17 for time t can be rewritten as: 

   (4.11) 

From equation 4.11 and approximating the solution for small angle, one can 

derive the complex shock filter formulation. The complex filter is an elegant way to avoid 

the need of convolving the signal in each iteration and still get smoothed estimations. The 

time dependency of the process is inherent, without the need to explicitly use the 

evolution time t. Moreover, the imaginary value receives feedback - it is smoothed by the 

diffusion and enhanced at sharp transitions by the shock, thus can serve better for 

controlling the process than a simple second derivative. 

The complex shock filter generalized to 2D is: 

   (4.12) 

where,     ,  
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λ = reiθ is a complex scalar and  is a real scalar, the parameter a controls the 

sharpness of the slope near zero, θ is the phase angle of the complex part, and  

denotes the complex part of . More details can be found in [104]. The final output after 

shock filtering is obtained by the following operation: 

     (4.13) 

where  is a iteration step. In this experiment =0.1 and the initial input in the iteration 

is Iu. 

4.3.3. Reconstruction refinement 

The obtained intermediate result IS often does not satisfy the reconstruction 

constraint. Reconstruction error is defined as 

E(IL,IH) = IL – (IH ∗ g)↓d    (4.14) 

where ∗ is the convolution operator, g is a spatial filter, and ↓d denotes the down-

sampling operator with factor d. The reconstruction constraint requires that the high-

resolution image after smoothing and down-sampling should be as close as possible to 

the input low-resolution image. 

As in many image super-resolution methods [113-116], the reconstruction error 

can be minimized by the back projection algorithm [25] which is an iterative gradient-

based minimization method. In this thesis also iterative back projection is incorporated to 

obtain the high resolution image by minimizing the reconstruction error as described in 

section 3.4. 
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Hence, the high resolution image can be continually updated as: 

   (4.15) 

where  is the high-resolution image at iteration t, and g and p are the spatial filter and 

Gaussian “back projection” filter, respectively. The intermediate result IS from the 

equation 4.13, is used as the initial IH at the first iteration. In this experiment, the 

variances of g and p are set to d/2. 

4.3.4. Similar structure learning 

Because of the constant back-projection kernel “p” in equation 4.15, the 

reconstruction error is back projected into the reconstructed image isotropically. This 

produces some artifacts across the edges. In addition to this, it is often assumed that true 

motion is needed for super-resolution, however many registration methods do not yield 

true motion: their results are optimal to some proposed cost criterion, which are not 

necessarily equal to true motion. With this in mind, one can hypothetically assume that 

repetitive structures can serve as multiple noisy observations of the same structure (after 

proper registration). Besides, repetitivity in texture, one can also find this recurrent 

property in other parts of the image. Some examples are shown in Fig. 4.4. 

Hence with the help of post-processing step, one can reduce the artifacts 

produced by back projection kernel to minimum. The structure of low resolution input 

image is employed to guide the high resolution image. This can be implemented as: 

1. Learn the structural content of the low resolution input pixels for each high 

resolution pixel. This can be done using two criterions, namely zero-mean 

normalized cross correlation (CC) and the mean absolute differences as 

explained in section 3.5. 
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(a) 

 

(b) 

 

(c) 

Figure 4.4 (a) Repetition in different objects. (b) Repetition along edges. (c) Repetition in 
uniform areas [111]. 
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2. Find the correlation among the pixels with the similar structure.  

3. Employ the correlation to correct the reconstructed image.  

In this thesis, search window is limited to 20x20. One can choose this to be as 

large as the whole image, but it will result in very large computation.  Continuing the 

discussion from section 3.5, subpixel registration in the spatial domain can be achieved 

either by interpolating image data or by interpolating the correlation data. In order to save 

computation time, resample only the reference window Bref, on a higher resolution. The 

subpixel shifts can be estimated using the criterion of equation 3.15. After the 

registration, the pixel values of B are mapped onto the high resolution (HR) grid. Most 

existing techniques [57, 116] use linear methods to upscale Bref. However, these 

interpolation methods typically suffer from blurring, staircasing and/or ringing. These 

artifacts not only degrade the visual quality but also affect the registration accuracy. That 

is why a fast non-linear restoration-based interpolation based on level curve mapping 

[123] is adopted.  

After extracting the pixels with the similar structure, the correlation of the similar 

pixels can be learned, and use this information to correct the reconstructed HR image. 

Data fusion in is similar to that in the non-local IBP [124] method. The reconstructed 

image can be updated as the weighted average of all elements in S(x’), considering the 

initial interpolated image to be : 

                                       (4.16) 
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where S(x’) is a set which contains the pixels with the similar structure, and weight 

w(x,x’) shows the correlation between the given pixel and the similar structure pixel. 

w(x.x’) can be obtained as follows: 

                                               (4.17) 

                                                       (4.18) 

where C(x) is the normalization constant and t1 is a parameter to control the decaying 

speed. 

4.4 Summary 

In this chapter the proposed methodology is discussed. Firstly, the input low 

resolution image is upsampled using bilateral filtering and mean shift image 

segmentation. Secondly, this upsampled image is processed by shock filter with which 

one can get better smoothed filter. Thirdly, Iterative back projection is applied to this 

image as a reconstruction refinement of the shock filtered image. Lastly, to further stop 

the across-edge the similar structure in the low resolution image is learnt and based on 

zero mean-mean normalized cross correlation (CC) and the mean absolute differences 

(MAD). This data is then fused with the IBP high resolution image. In the next chapter, 

the results of this experiment are shown. Also the comparisons of this proposed method 

with other established super-resolution methods are discussed. 
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CHAPTER 5 

RESULTS AND CONCLUSION 

5.1 Image quality assessment 

Any processing applied to an image may cause an important loss of information 

or quality. Image quality evaluation methods can be subdivided into objective and 

subjective methods [125], [126]. Subjective methods are based on human judgment and 

operate without reference to explicit criteria [127]. Objective methods are based on 

comparisons using explicit numerical criteria [128], [129], and several references are 

possible such as the ground truth or prior knowledge expressed in terms of statistical 

parameters and tests [130-132]. 

Image quality is a characteristic of an image that measures the perceived image 

degradation (typically, compared to an ideal or perfect image). Imaging systems may 

introduce some amounts of distortion or artifacts in the signal, so the quality assessment 

is an important problem. The metrics that has been used in this thesis for the image 

quality assessment (IQA) are discussed in the subsequent sections 

5.1.1. PSNR 

The peak-signal-to-noise ratio (PSNR) is the most common measure of picture 

quality. Another more popularly used measure is Mean-Squared Error (MSE).  The 

mean-squared error (MSE) between two images g(n,m) and (n,m) can be given by: 

                         (4.1) 

One problem with mean-squared error is that it depends strongly on the image 

intensity scaling. A mean-squared error of 100.0 for an 8-bit image (with pixel values in
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the range 0-255) looks dreadful; but a MSE of 100.0 for a 10-bit image (pixel values in [0, 

1023]) is barely noticeable. PSNR avoids this problem by scaling the MSE according to 

the image range: 

                                               (4.2) 

where S is the maximum pixel value. PSNR is measured in decibels (dB). These are 

appealing because they are simple to calculate, have clear physical meanings, and are 

mathematically convenient in the context of optimization. But they are not very well 

matched to perceived visual quality [133-138]. Its main drawback is that the signal 

strength is estimated as S2, rather than the actual signal strength for the image. Hence, 

PSNR is not as adequate as perceptually meaningful measures [139].  

5.1.2. SSIM 

The Structural SIMilarity (SSIM) index [29] is a method for measuring the 

similarity between two images. The SSIM index can be viewed as a quality measure of 

one of the images being compared provided the other image is regarded as of perfect 

quality. The SSIM index is a full reference (FR) metric, in other words, the measuring of 

image quality based on an initial uncompressed or distortion-free image as reference. 

SSIM is designed to improve on traditional methods like peak signal-to-noise ratio and 

mean squared error, which have proved to be inconsistent with human eye perception. 

The difference with respect to other techniques mentioned previously such as 

MSE or PSNR, is that these approaches estimate perceived errors on the other hand 

SSIM considers image degradation as perceived change in structural information. 

Structural information is the idea that the pixels have strong inter-dependencies 

http://en.wikipedia.org/w/index.php?title=Full_reference_metric&action=edit&redlink=1
http://en.wikipedia.org/wiki/Peak_signal-to-noise_ratio
http://en.wikipedia.org/wiki/Mean_squared_error
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especially when they are spatially close. These dependencies carry important information 

about the structure of the objects in the visual scene [29]. 

At a high level, SSIM attempts to measure the change in luminance, contrast, 

and structure in an image. Luminance is modeled as average pixel intensity, contrast by 

the variance between the reference and distorted image, and structure by the cross-

correlation between the 2 images. The resulting values are combined (using exponents 

referred to as alpha, beta, and gamma) and averaged to generate a final SSIM index 

value. 

The general form of SSIM can be given as: 

            (4.3) 

where α>0, β>0, and γ>0 are parameters used to adjust the relative importance of the 

three components, and x, y are image patches, and 

                                               (4.4) 

                                               (4.5) 

                                                       (4.6) 

l(x,y) in equation 4.4 is luminance comparison, c(x,y) in equation 4.5  is contrast 

comparison and s(x,y) in equation 4.6 is structural comparison. C1, C2 and C3 are 
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constants to avoid instability. μx and μy are mean average of x and y, and  , and  are 

variances of x and y.  is covariance of x and y. In order to simplify the equation 4.3, 

set α= β = γ=1 and 

C1 = (K1L)2                                                               (4.7) 

C2 = (K2L)2                                                               (4.8) 

C3 = C2/2                                                            (4.9) 

Where L is the dynamic range of the pixel values (255 for 8-bit grayscale images), and 

K1,K2<<1 is a small constant. Therefore, equation 4.3 can be re-written as: 

                 (4.10) 

5.1.3. FSIM 

The great success of SSIM and its extensions owes to the fact that human visual 

system (HVS) is adapted to the structural information in images. The visual information in 

an image, however, is often very redundant, while the HVS understands an image mainly 

based on its low-level features, such as edges and zero crossings [140-142]. In other 

words, the salient low-level features convey crucial information for the HVS to interpret 

the scene. Accordingly, perceptible image degradations will lead to perceptible changes 

in image low-level features, and hence, a good IQA metric could be devised by 

comparing the low-level feature sets between the reference image and the distorted 

image. Based on the aforementioned analysis, a novel low-level feature similarity (FSIM) 

induced FR IQA metric, namely, FSIM has been evolved. 
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Consider calculating the similarity between images f1 and f2. Denote by PC1 and 

PC2 the phase congruency (PC) maps extracted from f1 and f2, respectively, and G1 and 

G2 the gradient magnitude (GM) maps extracted from them. FSIM index from [28] can be 

defined as follows: 

                                    (4.11) 

where Ω is the whole image, and  

                                      (4.12) 

                                          (4.13) 

                                  (4.14) 

For simplicity, PCm(x) = max{PC1(x), PC2(x)}, and α= β = 1, and T1 and T2 denotes 

positive constants to increase the stability. Detailed explanation of this metric can be 

found on [28]. 

5.2 Results 

The proposed algorithm is compared with some already established super-

resolution methods. The methods which are used to compare are bicubic interpolation 

[27], Projection onto Convex Set (POCS) Technique [55], non-local iterative back 

projection (NLIBP) [111] and 2D auto regressive model based image interpolation [143]. 

Test images used in this thesis are shown in fig. 5.1. 
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 Figure 5.1. Test image: estatua 
 

 Figure 5.2. Test image: lena 
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 Figure 5.3. Test image: clock 

Figure 5.4. Test image : portofino 
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 Figure 5.5. Test image: barche 

 
 
 
 

Table 5.1 Comparison using Lena image 

 PSNR (dB) SSIM FSIM 

Proposed algorithm 28.91 0.9106 0.9518 

Bicubic interpolation 28.27 0.8631 0.9418 

POCS 27.93 0.9457 0.9467 

NLIBP 28.69 0.8573 0.9259 

2D auto regressive 

model 
29.05 0.8754 0.9487 
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Table 5.2 Comparison using Barche image 

 PSNR (dB) SSIM FSIM 

Proposed algorithm 29.24 0.8913 0.9243 

Bicubic interpolation 26.98 0.9331 0.9077 

POCS 21.65 0.6372 0.7567 

NLIBP 27.46 0.8226 0.8845 

2D auto regressive 

model 
27.37 0.8403 0.9161 

 

Table 5.3 Comparison using Estatua image 

 PSNR (dB) SSIM FSIM 

Proposed algorithm 30.19 0.7933 0.9412 

Bicubic interpolation 29.81 0.7760 0.9204 

POCS 24.51 0.6187 0.8101 

NLIBP 30.66 0.7785 0.9033 

2D auto regressive 

model 
30.08 0.7840 0.9226 

 

Table 5.4 Comparison using Portofino image 

 PSNR (dB) SSIM FSIM 

Proposed algorithm 26.97 0.7995 0.9217 

Bicubic interpolation 25.64 0.7728 0.8904 

POCS 22.46 0.5880 0.7539 

NLIBP 26.61 0.7710 0.8673 

2D auto regressive 

model 
25.71 0.7743 0.8924 
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Table 5.5 Comparison using Clock image 

 PSNR (dB) SSIM FSIM 

Proposed algorithm 29.19 0.9290 0.9268 

Bicubic interpolation 28.63 0.9331 0.9305 

POCS 21.74 0.8201 0.8049 

NLIBP 29.19 0.9292 0.9215 

2D auto regressive 

model 
28.98 0.9357 0.9379 

 

Table 5.6 Overall comparisons for all images 

 PSNR (dB) SSIM FSIM 

Proposed algorithm 
28.9 0.8674 0.93316 

Bicubic interpolation 
28.866 0.8556 0.9186 

POCS 
23.658 0.72194 0.81446 

NLIBP 
28.522 0.83172 0.9005 

2D auto regressive 

model 
28.238 0.84194 0.92354 

 

5.3 Conclusions 

In this thesis a novel image interpolation method is proposed with special 

attention to edges present in the images. Tables 5.1-5.5 clearly show that the proposed 

algorithm performs better than its counterparts. There has been 3-6% increase in the 

FSIM index. Also worth noting is that the proposed algorithm out-perform the other 

existing techniques when the image under consideration has more details (complex) in it. 

The given algorithm is more suitable for applications where computational cost is not a 
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constraint. Using mean-shift image segmentation definitely preserves edges during the 

upsampling. In addition to this, through post processing on the reconstructed images 

improves the image quality.  

This new framework improves the quality of the HR image reconstructed by the 

IBP method. The upsampling process which is combination of bilateral filtering and 

mean-shift image segmentation is used in the initial step to strengthen the true edge. In 

order to further reduce the across-edge error propagation, post processing on the 

reconstructed HR image is employed, which takes the advantage of the correlation of 

pixels with the similar structure to guide the reconstructed image. The proposed algorithm 

can improve the results in both subjective visual quality and PSNR measure. 

5.4 Future Work 

The algorithm can be optimized for better performance. One can tweak this 

algorithm and have a check on the error convergence, which is important for several 

other applications. Other than that the super-resolution problem is not yet solved. There 

are always other frameworks yet to be discovered towards optimal super-resolution.
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