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Abstract 

Super Resolution (SR) refers to the process of constructing high resolution images from multiple 

low resolution (LR) images. The resolution improvement is caused by redundant information 

present in sub-pixel shifts between corresponding LR images of the same scene. Super Resolution 

allows overcoming the limitations of the imaging system without need for additional hardware in 

remote sensing applications. Super resolution technique can be applied to construct a high spatial 

resolution satellite image using multiple LR images. During this process separation of the mixed 

pixels into individual pixels is a challenging task. This thesis presents a framework for selection of 

feature invariant dataset and construction of high spatial resolution images of Cartosat-1 satellite 

image dataset using multiple LR images. The first stage of the construction includes image 

registration of LR images using known parameters and geo-referencing techniques for synthetic 

and real data respectively. Bayesian and Iteration approach algorithms are used to construct the HR 

image for the registered LR images. The proposed construction of HR images has been evaluated 

on the synthetic LR images acquired from Cartosat-2 and Orbit View 3 satellite image datasets of 

same area to demonstrate the feasibility of the SR algorithms. The image quality parameters are 

calculated for the synthetic data. We constructed HR images for three image datasets of Cartosat-

1 acquired for the same area. We investigated the effect of radiometric resolution on the HR images 

reconstructed by SR process on LR images in Cartosat-1 datasets. The evaluation results indicate 

that reconstruction the HR Image precisely might not be possible due to the lack of radiometry and 

hardware limitations of Cartosat-1 satellite system. 

Keywords: Bayesian, Gaussian distribution, Geo-Referencing, Image Registration, Super 

Resolution
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Abbreviations and Indices 
HR High Resolution 

SR Super Resolution 

LR Low Resolution 

PAN Panchromatic 

MS Multi Spectral 

HS  Hyper Spectral 

GIS Geographical Information System 

IRSS Indian Remote Sensing Satellite 

TV Prior Total Variation Priority  

Norm L1 Normalization using L1 

SAR Stationary Auto Regression 

IBP Iterative Back Projection 

POCS Projection on Converse Sets 

Structured ANC-1 Structured Adaptive Normalized Convolution using noise 

Robustness 

Structured ANC-2 Structured Adaptive Normalized Convolution using 2-HR pass 

filter. 

GCP Ground control points 

MSE Mean Square Error 

PSNR  Peak Signal to Noise Ratio 

SSIM Structural Similarity 

ISRO Indian Space Research Organization 

NRSC National Remote Sensing Organization 
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1 Introduction 

 Remote sensing 
Remote sensing is field of rapid growth and development serving the mankind in many aspects 

such as control over urbanisation, monitoring weather conditions and landscape surveying.  

Remote sensing through satellites is an important contributor to scientific earth observation 

information by providing various kinds of imagery every day. Remote sensing images are 

acquired by a satellite. High-resolution (HR) remote sensing satellite imagery provides rich, 

detailed information and allows high-definition visual interpretation. HR images are used for 

information extraction at a fine scale. Nowadays satellite images are widely used for land 

surveys, urban studies, forest measurement, hazard assessment, military target identification 

and in other applications. 

For generation of high spatial resolution satellite image generally two approaches can be used, 

namely hardware approach and software approach. As hardware approach has few limitations 

such as imaging sensor, economic issues etc. so we use software approach (post-processing 

methods) such image fusion, image interpolation to generate digital high spatial image 

resolutions. 

 
Fig 1.1 Remote sensing technology [1] 

 



 

Master’s Thesis in Signal Processing  

 

2 

 Types of resolutions 
Generally, the satellite image can be represented using 4 types of resolutions for remote 

sensing. They are: 

 Spatial resolution 
 Spectral resolution 
 Temporal resolution 
 Radiometric resolution 

Spatial resolution: A digital image is formed using small picture elements called pixels. 

Spatial resolution refers to the pixel density in an image and measures in pixels per unit area. 

It also refers to size of the smallest object that can be resolved on the ground in case of satellite 

imaging. 

Different satellites possess different spatial resolutions based on the sensor present in the 

satellite, we can observe an example in Fig 1.2 presenting Indian and foreign satellites and their 

spatial resolutions. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig 1.2 Representation of spatial resolution of different satellites 

 

Here the spatial resolutions vary from 1m to 30m. There are many more satellites having 

different spatial resolutions.  
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Spectral resolution 

Spectral resolution describes the ability of a sensor to define fine wavelength intervals. The 

finer the spectral resolution, the narrower the wavelength range for a particular channel or band 

[2]. 

Radiometric Resolution 

The radiometric resolution of an imaging system describes its ability to discriminate very slight 

differences in energy. The finer the radiometric resolution of a sensor, the more sensitive it is 

to detect small differences in reflected or emitted energy. 

The higher the radiometric resolution, the better is the identification of features [2]. 

The data set radiometric depends mainly upon: 

1. Land cover type: 

If image area is homogenous area, the radiometric resolution doesn’t change, since fewer 

number of feature changes are present in the area eg: airport strip, forests, open land etc. 

If image area is heterogeneous area the radiometric resolution changes due to more number 

of feature changes present in the area eg: Urban cities. 

2. Sunlight radiation which is the main source of energy for satellite imaging. 

3. The bit rate quantization is lost due to atmospheric conditions such as haze, moisture and 

pollution present in the air. The pollutants present in the air observe the reflectance energy 

going to the satellite and hence the satellite possess as less energy to quantize the data.  

Temporal Resolution  

Temporal resolution deals with the satellite revisit time. The lesser the revisit time, the more 

the data will be to apply remote sensing applications. Here revisit time stands for the time taken 

by the satellite to cover and capture the previous path. 

 Super resolution 
In imaging system, low resolution images possess fewer details in an image, so images with 

high resolution which are comprised of finer details are desired. In an HR image, the pixel 

density is greater when compared to that LR images which makes HR images more useful in 

many applications such as medical applications and satellite images [3]. 

SR technique is a unique method which provides finer details of an image by increasing the 

amount of pixels present per unit area of an image [3], [4]. 
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The SR technique has been one of the interesting research topics in image processing over the 

last 2-3 decades. This technique has many practical solutions for many real-world problems in 

different fields such as satellite and aerial imaging, medical image processing, facial, text 

image analysis, biometrics recognition, ultra sound imaging [5], line-fitting [6]. 

Super-Resolution is a technique to obtain a HR image using one or more observed LR images 

by down-sampling, de-blurring, and de-noising, where, LR image represents low pixel density 

and it provide less accurate details. HR image represents high pixel density and it provides 

more accurate details [7]. Other imaging post processing techniques such interpolation, image 

restoration is different from SR techniques. When interpolation techniques are applied on an 

image the high-frequency components are lost [8]. 

In SR techniques, the pixels per unit area increases in an image, whereas the traditional 

techniques such image enhancement and restoration techniques simply improves the quality of 

the image [1], [2], [9]. 

For the technical implementation of Super-Resolution, there are two ways: Single-frame and 

Multi-frame image Super-Resolution. Single-frame SR method is to generate single HR image 

from single degraded or noisy or blurred image, while Multi-Frame SR is to generate the HR 

image from multiple LR images perspectives of the same scene and also increase spatial 

resolution by fusing non-redundant information in the LR images [2]. 

Multiple LR images of a particular area can be obtained from the same camera taken at several 

times or same area is captured by multiple cameras. For example, SR reconstruction is widely 

used in remote sensing applications as different types of satellites revolving around the earth 

and producing the LR images. These LR images can be transformed into HR images using SR 

reconstruction techniques. 
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Fig 1.3 Basic structure of overlapping of multiple LR images 

The basic principle of increasing the spatial resolution is availability of a same scene where 

these multiple LR images differ in sub-pixel level as shown in the Fig 1.3 [9].  

In Fig 1.3 LR 1, 2, 3 images are shifted in sub-pixel range and these shifted pixels are providing 

the non-redundant information for the image. LR Image 1 is considered as a reference image 

for registration of multiple LR images. If the multiple images are shifted sub pixel level only 

we can obtain the SR reconstruction process. 

The shift is sub-pixel in LR image possess a non-redundant information of the particular scene 

which is used as an additional data for generation of HR image. If the LR images are shifted 

with integer pixel level, then there no new information in an image which leads to the difficulty 

in generation of an HR image. If the LR images have different sub pixel shifts from each other 

and if the aliasing is present, however then each image cannot be obtained from the others and 

in this case, the new information contained in each LR image can be used to generate HR image 

[3].  

 

 

 

LR Image 1 

LR Image 3 

LR image 2 

Sub-pixel shifted 
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 Information about satellites 

 Cartosat-1 
 It is the first Indian Remote Sensing Satellite capable of providing in orbit stereo images. The 

images are used for cartographic applications meeting the global requirements. The satellite 

images have a spatial resolution of 2.5 meter (can distinguish a small car) and cover a swath of 

30 km. The cameras are mounted on the satellite in such a way that near simultaneous imaging 

of the same area from two different angles is captured. The satellites manoeuvre across the 

earth to capture the area frequently. The images taken by Cartosat-1 cameras are compressed 

and transmitted to the ground stations [10]. 

The Cartosat-1 provides stereo pairs required for generating Digital Elevation Models, Ortho 

Image products, and Value added products for various applications of Geographical 

Information System (GIS) [11]. 

Some of the important features of Cartosat-1 satellite are [12, p. 1]: 

Feature  Specification  

Launch date May 2005 

Orbit Period 97 minutes 

Revisit 5 days 

Mission life 5 years 

Table 1: Satellite Specification of Cartosat-1 

 

  Cartosat-2 

 Cartosat-2 is a direct follow on satellite to Cartosat-1 which was launched by ISRO. The 

objective is to provide HR imaging of 90 Indian cities and other 17 foreign cities. The satellite 

images have a spatial resolution of 1 meter and swath width is 9.6 km where data is quantized 

at 10-bit [13]. The images taken by Cartosat-2 cameras are compressed, encrypted, formatted 

and transmitted to the ground station. 
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Some of the important features of Cartosat-2 satellite are [14]: 

Feature  Specification  

Launch date January 2007 

Orbit Period 97 minutes 

Revisit 4 days 

Mission life 5 years 

Table 2: Satellite Specifications of Cartosat-2 

 

 Orbit view 3 
Orbit View-3 is a high-resolution imaging mini-satellite owned and operated by Orbital 

Imaging Corporation (ORBIMAGE) of Dulles, VA, a commercial provider of Earth imagery 

acquired from a family of imaging satellites that it owns and operates. The satellite includes 

one imaging camera, the Orb View High Resolution Imaging System capable of collecting 1m 

spatial resolution panchromatic and 4m resolution multispectral imagery and swath width of 8 

km. The data quantisation of image is 11bit [15]. 

Some features of Orbit View 3 satellite are [15]: 

Feature  Specification  

Launch date June 2003 

Orbit Period 92.5 minutes 

Revisit 3 days 

Mission life 4 years 

Table 3: Satellite specifications of Orbit View 3 
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 Problem statement 
Cartosat-1 remote sensing satellite was launched in the year 2005. The satellite imaging 

hardware equipment such as cameras were expensive at the time of launch of the satellite so, 

the satellite provided spatial resolution of 2.5m which is generally for low resolution images 

when compared to the modern-day technologies. In order to meet the present-day technologies, 

the spatial resolution of LR images generated by the Cartosat-1 satellite should be increased. 

The necessity for increasing the spatial resolution is to study the growth in urban cities for the 

past years.  

Cartosat-2 is also a remote sensing satellite which has a spatial resolution of 1m which is higher 

than the Cartosat-1 satellite. 

The Cartosat-1 satellite provides a series of data set. These series of data can be used as the 

multiple-frame input to SR reconstruction techniques to increase the spatial resolution of 2.5m. 

 Construction of SR image generation system for Cartosat-1 satellite data is the main 

motive for the project. 

 Study of different factors influencing the SR image reconstruction for Cartosat-1 

dataset. 

 Research questions 
1. How is a system developed for obtaining High Spatial Resolution images for 

Cartosat-1 dataset? 

2. Which dataset can be selected for implementation of SR Reconstruction technique? 

3. What are the challenges faced in selection of image registration techniques? 

4. What are the issues faced while selecting of the SR Reconstruction technique? 

5. How can we assess the performance of the generated super resolution image in 

simulated mode? 

6. How can the generated High Spatial Resolution be useful in remote sensing 

applications?
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2 Background (Motivation) 

 Why super resolution? 
The general imaging process is based on the imaging sensors (or) image acquisation devices. 

Generally a imaging sensor is charged-couple device (CCD) or complementary metal-oxide-

semiconductor (CMOS) active-pixel sensor [8]. These sensors are used to capture the image of 

required section. The spatial resolution of an imaging system depends on the sensor elements 

present in the imaging sensor. An sensor with low density of sensor elements produces an low 

resolution image. In order to increase the spatial resolution of an image, we have to increase 

the sensor element density by reducing the sensor size. But, as the size of the sensor decreases, 

the light energy incident on the sensor decreases leading to observe shot noise [7], [8]. 

Therefore the hardware limitations on decreasing the size of sensor restricts the increase of 

spatial resolution of image. Another hardware limitation of the camera is the image details are 

limited by lens of the imaging camera. The lens distortion adds lens aberration effects, blur. 

In some scenarios, such as satellite imaging it is difficult to use high resolution sensor due to 

satellite physical constraints and also construction of these high resolution sensors is expensive 

process. 

 

   
a) 10 m resolution b) 30 m resolution c) 80 m resolution 

 
Fig 2.1 The above images are taken using different spatial resolution [16] 
The images in Fig 2.1 are taken of same particular area but of different resolutions. 

We can observe that image in Fig 2.1 a) has a better visual quality than the other images, hence 

we can say that spatial resolution increases the visual quality of a satellite image and features 

can be differentiated easily for images possessing higher resolution [17]. 
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 In order to overcome the hardware limitations of the imaging sensor, image post-processing 

software approaches are used to construct a high-quality image [3]. 

Super Resolution (SR) image construction technique is used as a software approach for 

implementation of post-processing of remote sensing images to improve the spatial resolution 

of a satellite image [18]. SR technique is used to increase the high frequency components and 

remove the degradation present in the LR images. 

The basic working principle behind multi-frame SR image construction is to combine the non-

redundant information present in the LR images and generate a HR image. 

The non-redundant information is provided by the sub-pixel shifts present in LR images which 

are caused by natural or controlled motions (eg: satellite path is controlled at ground station) 

of the imaging system [19]. Finally, SR technique can utilize the time series data as LR images, 

in which sub-pixel shifts are present and construct an HR image grid. 

Super Resolution Reconstruction system design: 
1. Multiple image registration 

2. Interpolation 

3. Restoration 

The above process can be observed in  

Fig 2.2. These above-mentioned steps are implemented simultaneously or step-by-step based 

on the specific SR technique. 

 

 

 
 

 

Fig 2.2 Basic structure for SR image reconstruction from multiple LR images  
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 Why image registration? 
Image Registration is the process of aligning (stitching) two or more images of the same frame 

taken from different viewpoints, at different times, from different sensors at sub-pixel level. 

Image registration aligns images geometrically using a reference image [20]. 

Image registration is a very important step in the process of analysing an image through which 

necessary information is found by combining information from different data sources. 

Generally, image registration process is observed in remote sensing analysis (for monitoring 

environment, weather forecasting), in medical image processing (combining CT, monitoring 

tumour growth) and in computer vision. 

In remote sensing applications, the datasets produced by the satellite (images captured by the 

satellite) may possess translational motion and rotation. The times series data produced by the 

satellite varies due to atmospheric effects and its own motion. 

These times series (Multiple LR’s) shifted and rotated images must be aligned with sub-pixel 

accuracy, otherwise overlapping of the pixels occurs, which leads to the distortion of 

constructed HR image 

So, image registration is a crucial process and it must be performed with sub-pixel accuracy. 
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 Image processing in spatial domain 

 Mixed pixel problem 
Mixed pixels are the pixels present in an image in which two or more feature information is 

present as individual pixels. Mixed pixels are the reason for degradation of an image quality of 

remote sensing data. Since the spatial resolution of satellite imaging system is generally low, 

mixed pixels are mostly present in the remote sensing data. Resolving the mixed pixels into 

individual pixels provide us more information in an image especially for remote sensing data 

in terms of vegetation and water bodies identification. 

Mittu Mittal and Gagandeep Kaur provided a survey on methods for resolving mixed pixels 

present in remote sensing data in [21]. 

      
     

Fig 2.3 Mixed pixel representation 

We have captured a test image which consists of a rubix cube and a mouse, we have assumed 

that each black block as an individual pixel. From fig 2.3 we can have observed the image is 

comprised both pure pixels and individual pixels.     

Here for the mixed pixel the SR technique is performed and the mixed pixel can be resolved to 

different pure pixels or another mixed pixel i.e. Separation of mixed pixels into individual 

pixels provides high spatial resolution which can clearly be observed in Fig 2.4. 

 

 

 

Pure Pixel 

Mixed Pixel 
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Fig 2.4 Resolving the mixed pixel 

From Fig 2.4 we observe that 3 4 mixed pixels are resolved in 6 8 individual pixels in which 

some are pure pixels and some are mixed pixels, leading to more feature extraction and 

identification. The same phenomenon is also applied on remote sensing data of Cartosat-1 

satellite, increasing spatial resolution may lead to the resolving of mixed pixels into individual 

pixels.  
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 Theoretical background 

 Satellite imaging model 
Satellite imaging model can be observed in Fig 1.1. In that figure, the light energy reflected 

from the earth surface is captured by image sensor present in the satellite. The captured image 

is transferred to the ground station for further post-processing techniques. 

 Observation model 
A general observation model is written for generating a LR images from the true HR image 

scene. Each LR image is aliased and decimated observation of original HR scene. 

The imaging process, from the reference HR image f(x, y) the N number of LR images are 

generated. The HR image f(x, y) is size of P  M whereas M represents the size of an LR image 

g(x,y), here P is an integer >1 is the factor of increase in resolution. 

The imaging process includes shifting, blurring and down-sampling, which is modelled as 

shown in Fig 2.5. 

The imaging process can be written as  
   (1) 

where A is the down-sampling matrix, is the blurring matrix and  is the translation matrix 

for the respective kth LR image and   is additional noise present, may occur due to 

atmospheric conditions. 

 
 

 

 

 

 

 

 

 

 

 

 

Fig 2.5 General observation model for multi-frame SR reconstruction techniques 
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SR image construction performs process of aligning the LR observations to sub pixel accuracy 

and combining them into an HR image grid [22]. 

 
Multiple image SR reconstruction techniques undergo two processes [7]. They are: 

1. Image registration 

2. SR Reconstruction technique 

 Image registration 
Multiple image SR construction is performed using the non-redundant information present in 

LR images. The non-redundant information is obtained from parameters such as motion, blur, 

multiple images from different sensors involved in the imaging model [20]. 

For multiple image input before constructing SR image a registration step is required to 

compensate the changes in the parameters such as motion or blur using respective registration 

technique. Image registration is the most important technique for multi-frame image SR 

construction. It is used to estimate the motion such as shift and rotation present in the LR 

images. The main goal for image registration is to align the images as accurately as possible in 

order to decrease the difference between the reference image and non-reference image. 

Maximum error free image registration is performed in order to overcome the significant 

drawbacks in construction of HR image using super resolution technique and to increase the 

robustness of restoration of a HR image. 

The process of image registration involves choosing a good LR image as reference frame and 

the other LR images are aligned using the reference frame. 

Registration technique generally includes translational models such as affine transformation 

model, bilinear model, projection model and rigorous model [22]. Image registration based on 

common features present between two or more images generally involves feature extraction, 

feature description and feature matching techniques [20]. In feature matching image 

registration, the features present in reference LR image are used to register the other LR images. 

The most common types of compensation to be made for LR images are geometric registration 

and blur estimation. Here in this project the satellite images are considered as blur free images 

and hence there is no need to estimate the blur present in the LR images. 

Geometric registration is another name for image registration used to compensate the geometric 

misalignment present between the LR images. Noise free distortion-less reference LR image is 
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considered for image registration. Performing geometric registration using the noisy reference 

LR image will lead to the distortion of constructed HR image. 

The good motion estimation method depends on few factors such as characteristics such as 

presence of good control features of image, the motion’s velocity and the type of motion [7]. 

Generally, the geometric misalignments present in a LR images are caused by the global motion 

and local motion of imaging system [23]. Global motion is generally observed in satellite 

imaging systems [24]. 

In our project, since the imaging system is a satellite system, we consider global motion 

estimation for image registration. Global motion estimation is performed in two different 

methods: 

1. Differential motion parameters are observed using the successive frame or 

2. Cumulative motion estimation is computed using a reference frame. 

Keren in [25] proposed first image registration algorithm in which small translation and 

rotation are assumed between LR observation images and the reference HR image. Many 

authors have published image registration techniques in pixel-based domain. Shen proposed 

fixed point iteration and precondition techniques for pixel based image registration in [26]. 

Optical flow image registration [27]  is used to estimate the motion between the images in 

which the objects are non-rigid, non-planar and subject to self-occlusion. Block matching 

image registration was used for registration of LR images by Su H. Tang in [28]. Due to the 

advancement of technology in image processing robust feature matching techniques are used 

to register the LR image. 

A robust feature based motion estimation is performed using scale invariant feature transform 

(SIFT) in [29]. Zhou used SIFT and RANSAC techniques to obtain robust image registration 

[30]. In the case of remote sensing data i.e. satellite images, geo-referencing technique is used 

to register the LR images using a geo-referenced LR image. Geo-referencing is the process of 

referencing spatial data of different satellite images to once common datum and projection 

system using an existing geo-referenced LR image. Cumulative motion estimation is performed 

for the LR satellite images using a geo-referenced image. 

Error estimation: 

In practical applications, the registration techniques are object to error, due to the distortions 

present in the LR images. The error in LR images occurs when inconsistent pixels such as 
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moving objects are present in selected imaging. Generally, in satellite imaging clouds coverage 

is present in an imaging area [31]. Some of the LR images possess imaging device noises such 

as in imaging telemetry noise [19]. 

Noise estimation is performed based on the required SR model and type of noise present in the 

LR images. In our project, noise free (cloud free) satellite images are considered to construct 

HR image. 

  SR Techniques 
SR construction algorithms are generally classified based on the number of LR images used 

and in which domain architecture the HR image is constructed. 

Based on domain architecture the SR construction techniques are divided into frequency 

domain and spatial domain methods. In frequency domain implementation, the image signal is 

converted into frequency domain and HR image is constructed. Even though the frequency 

domain based technologies have a fast processing speed it is difficult to integrate the prior 

knowledge of the reconstruction image. 

The first SR technique was implemented in frequency domain in 1984. Knutson and Westin in 

1993 worked on SR construction using principle of exploring the shifts and aliasing properties 

of the Fourier transform in LR images [22].  In different literature reviews we observed that 

more of the SR techniques are implemented in spatial domain than frequency domain due to 

its flexibility. Spatial domain SR construction is done based on pixel level and much easier to 

implement to construct HR image [24]. 

The SR constructions techniques are dependent upon number of LR images present in order to 

construct the HR image. In single image SR image construction, the learning data is collected 

from the similar LR image and construction of SR image is performed. In our thesis, we are 

dealing with multiple images of the Cartosat-1 satellite, hence we implemented our SR 

techniques using multiple LR images and we used spatial domain techniques. At NRSC, several 

SR techniques are given to implement and analyse the constructed HR image using the SR 

techniques. The given SR techniques are spatial domain architecture and utilize multiple LR 

images to construct an HR image.
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Fig 2.6 Super resolution techniques 

In Fig 2.6 we present our hierarchical table for SR techniques used in this thesis which includes 

interpolation methods, iterative methods and probabilistic methods to construct an HR image. 

In interpolation methods, we used Bicubic interpolation methods whereas in iterative methods 

we used IBP and Robust SR techniques to construct HR image. Adaptive noise convolution is 

also used as an iterative adaptive filtering method to construct an HR image. We also used 

probabilistic methods such as TV Prior etc. 

Probability based SR model: 

In spatial domain, the probability based SR reconstruction has become a wide area of research. 

SR reconstruction is an ill-posed (not well defined) problem, some prior conditions and 

restrictions must be implied to generate SR image. Several methods based on the probability 

theory have been proposed. Bayesian methods are the probability methods used to construct 

HR image, as probability methods incorporate the prior information and prior constants. 

The maximum a posterior (MAP) is a Bayesian method, in which HR image is constructed by 

maximizing its posterior probability under the condition of LR image sequence existence [32]. 

SR techniques that used in the thesis to construct the HR image of Cartosat-1 satellite imaging 

system are given below. 
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IBP (Iterative Back Projection): 

Irani and S. Peleg [33] are first among to propose methods for development for spatial- based 

SR construction. The HR image construction is performed using the imaging model similar to 

the model present in section 2.4.2, except rotations parameters are also considered. In IBP 

algorithm, an initial guess of HR image is considered and using this initial guess HR image is 

refined by minimizing the error between the simulated LR images and the observed LR images 

iteratively. The equation for IBP algorithm is given as 

  

 
 

(2) 

 

 

here d is the up-sampling operator, h is the deblurring kernel, t is the iteration parameter and 

 is the inverse warping kernel,  is the refined HR image, is the 

error between the simulated LR images and observed LR images. 

The IBP algorithm process is repeated for a specific number of iterations and stopped when 

error between the simulated LR images and observed LR images is minimum. 
 

Robust SR Image technique: 

Assaf Zomet and Shmuel Peleg proposed robust SR image reconstruction in [34]. Generally, 

IBP algorithm uses mean of error that each LR image causes; as it can be observed from Eq. 

(2) which is time consuming technique. In order to increase the speed of the computation of 

SR construction, median based error is considered. A robust median based estimator is used to 

discard inconsistent values present in the imaging model. This algorithm handles 

inconsistencies such as moving objects, parallel error present in LR images at low computation 

cost. The robustness is caused due to correcting error between the LR images using pixel-wise 

median correction, if the LR images are not properly aligned, the error correction can be 

difficult and we obtain a distorted LR image. 

Projection on Convex Sets (POCS):  

SR image construction based on convex sets is given by POCS [35]. Elad and Feuer proposed 

an implicit cost function for solving SR problem. The similar imaging model mention in Eq. 

(1) is considered in POCS algorithm. This technique assumes that each of the LR images 

possess a prior knowledge of final HR image. It is assumed that this priori knowledge is a 

closed convex set sk which is defined as  
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  (3) 

whereas k, ,  are similar to ones’ present in Eq. (2) 

where  is the kth LR image, f is the solution, and  and are the lower and upper bound 

uncertainties of the model. 

The unknown HR image is estimated using following iteration given below. 

  (4) 

where m represents the convex set, in which a desired solution lies in the intersection of these 

sets. The computation time of POSCS SR image is very low, but the main drawback with POCS 

technique is if LR image motion estimation is not performed accurately, we obtain a distorted 

HR image and also the constructed HR image is smoothened.  

 

Structured Adaptive Normalized Convolution (Structured ANC):  

Pham, Lucas and Klamer proposed an SR image construction using robust fusion of irregularly 

distributed data using the framework of Adaptive Normalized Convolution (ANC) in [36]. 

Robust fusion using adaptive NC is applied for the motion estimated LR images. 

Robust and adaptive normalized convolution block for SR image construction can be observed 

in Fig. 7 in [36]. 

Normalized convolution is a technique used for local signal modelling from projections onto a 

set of basis functions. Normalized convolution allows individual input signal to have its own 

certainty value. This input certainty value is useful when the input data samples are small or 

distorted due to bad registration, bad sensors present in imaging system. In this paper authors 

used first order normalized convolution to perform SR fusion with small sample density of LR 

images. The robust normalized convolution uses applicability function to construct an HR 

image using the sample data from the LR images.  

First-order NC for HR image construction requires minimum sample pixels to perform SR 

fusion. If there are more samples per pixel are present, the algorithm can perform a sharp image 

reconstruction. 

For Structured ANC-2 (Second pass) an adaptive applicability function, in which an adaptive 

filter kernel i.e. an anisotropic Gaussian kernel, adapts shape and orientation of the underlying 

image structure. The kernel allows better noise suppression while avoids signal blurring across 
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lines and edges of an image. The computation time of robust NC is low, whereas adaptive NC 

computation (second pass filter) is faster. 

 

Bayesian Model SR Reconstruction. 

Another class of SR methods estimate both the HR image and the motion parameters 

simultaneously. The most common approach in this category is alternating minimization (AM), 

where at each iteration, the estimates of the HR image and the motion parameters are improved 

progressively in an alternating fashion [37]. In Bayesian approach the parameters are estimated 

optimally in a stochastic sense, which provides high reconstruction performance. 

Bayesian model works in different stages to generate the HR image using observed LR images 

and priori knowledge of unknown HR images. Bayesian model estimates the motion 

parameters and HR image using Bayesian hierarchal model. 

The unknown HR image and the observed LR images are considered stochastic quantities and 

a prior probability distributions are defined. The model parameters for these distributions are 

called hyper-parameters. Hierarchical Bayesian model uses two stages for motion estimation 

and HR image construction. These are common steps performed for Bayesian based SR 

reconstruction. 

 In the first stage LR image acquisition model and HR Image Model are modelled 
using some unknown hyper-parameters. 

 In the second stage, hyper-prior distributions of the first stage hyper-parameters are 
modelled. 

 After modelling the hyper-prior distributions Bayesian Variational Inference is used 
to estimate the posterior distributions of the unknown HR image. 

 Motion parameters are estimated along with the HR reconstruction which prevents 
error propagation and increases robustness. 

Total Variational prior (TV prior): 

TV prior is an effective Bayesian method based on regularization and has an ability to preserve 

edges while imposing smoothness in the image. 

TV prior is a Bayesian approach, which follows the steps mentioned in general Bayesian 

model. The LR acquisition model probability distribution can be observed in Eq. (3) in [38]. 

For the prior model of HR image the quadratic approximation of the TV prior is utilized and 

this can be observed in Eq. (4),(5) in [38]. 
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Bayesian Variational inference is used to estimate the unknown hyper-prior distributions. 

But the problem with this algorithm is that pseudo edges are also preserved and unnecessary 

smooth regions are produced. 

 

Norm L1 Prior: 

A new prior based on the L1 norm of the vertical and horizontal first order differences of image 

pixel values are used to estimate the unknown HR image proposed by S. Villena in [39] 

Norm L1 is also a Bayesian approach, which follows the similar stages in generation of the 

unknown HR images but different prior models are considered. 

The LR image acquisition model, HR image model can be observed in Eq. (3)-(8) in [39]. 

It has a similar ability to preserve edges while imposing smoothness in the image as in TV prior 

approach. 

 

Simultaneous Auto Regressive (SAR): 

In the Bayesian framework a Simultaneous Auto Regressive (non-sparse) prior model 

imposing the image smoothness on the HR image was proposed in [40]. The image model for 

estimation of HR image in SAR can be observed in Eq. (5) of paper [41]. The main drawback 

of this prior model is to over smooth the edge regions of estimated HR image. 

 

Combination of TV prior and SAR: 

Bayesian combination of sparse image prior TV prior combined with non-sparse SAR prior is 

performed to overcome the limitations of both priors and estimate the HR image was proposed 

by M.Vega in [41]. 

The advantage of this type modelling is use the ability of the TV prior (sparse) to recover image 

edges and at the same time to avoid the tendency to over smooth in inner regions by combining 

with SAR prior (non-sparse). 

A weighted parameters lambda ( ) is used to combine the both prior models. 

It is a Bayesian approach, which follows the similar stages in generation of the unknown HR 

images but different prior models are combined. 

The LR image acquisition model and HR image model can be observed in Eq. (2),(5) and (7) 

in [41]. 
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Combination of Norm L1 and SAR: 

Sparse (L1 prior) and non-sparse (SAR) are combined to overcome the limitations of each 

other. The combination is similar to the combination of TV prior and SAR method, but the 

difference is instead of TV prior, L1 prior is used as sparse prior. A weighted parameter lambda 

( ) is used to combine the both prior models. 

The LR image acquisition model and HR image model can be observed in Eq. (2),(5) and (6) 

in [41]. 

 

Mix Filters: 

A Bayesian framework non-stationary image prior combination in SR was proposed by 

S.Villena in [42]. The application of a spatially adaptive general linear filter combination prior 

model was used [42]. This prior model uses general combination of image filters such as first 

order filter differences, second order filter differences for prior distribution of HR image. This 

prior model includes an adaptive filter combination which is able to preserve image edges and 

texture. 
 

 



Master’s Thesis in Signal Processing  

 

24 
 

3 Existing systems 
The idea of SRR was first proposed in 1984 by Tsai and Huang [43] to improve the spatial 

resolution of Landsat TM images, using multiple under-sampled images with sub-pixel 

displacements in the frequency domain. 

To date, the most successful application of super-resolution reconstruction in remote sensing 

is the SPOT-5 satellite system. This system shifts half a sampling interval in the horizontal and 

vertical directions by a double CCD linear array, which obtains two panchromatic 5 m 

resolution images, but with mutual dislocation of 0.5 pixels. Images with these shift produces 

an approximately 2.5 m resolution HR image through SR reconstruction processing [44]. 

At NRSC/ISRO common remote sensing techniques are implemented such as registration, 

segmentation, supervised and unsupervised clustering of satellite data. Other image 

enhancement techniques i.e. de-blurring, noise removal, sharping the image etc. are 

implemented on satellite images.  

But SR was never implemented for enhancement of satellite images. 

We work with the team that is performing the research in Super Resolution in urban studies 

and our thesis is providing a valuable contribution to it.
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4 Method for this project 
A flow chart for complete overview of the work  

performed in this thesis is represented in Fig 4.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 4.1 Overview of project implementation
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 Data selection 
Data selection is a crucial process and invariant data is selected from the given set of data 

series. The term ‘invariant’ means the features present in one image should not vary with the 

features present in another image.  For example, if we consider a road junction as a common 

feature in a satellite image then the same road junction feature should be present in several 

satellite images, taken from the same altitude but slight variation of angles, and during different 

days based on the satellite position. The data also must be free from cloud patch since the 

clouds cover the some of the important features present in an image. 

 Image registration 
Image registration is performed for LR images both in simulated data and real data. 

1. Features: Compute interest point features in each image to sub-pixel accuracy. 
2. Correspondence between images: Compute a set of interest matches based on 

proximity and similarity of their intensity neighbourhood. 
3. Optimum estimation of correspondence: estimate correspondences of features 

as liners. 
4. Guided matching: Further interest point’s correspondences determined using 

estimated similarity function to define a search region about transferred point 
position. 

 Simulated scenario 
In simulated data, the image registration is performed using known translated and rotated 

parameters in order to observe the effect of image registration while generating the SR 

reconstruction. 

  

Fig 4.2 Image registration of several LR images

In Fig 4.2 the translated and rotated LR images are aligned together using image registration 

techniques. 

 Aligned 

LR 

images 
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Fig 4.3 Image registration block diagram in simulated dataset 

The Fig 4.3 represents the image registration method for simulated LR images in which the 

translated and rotated LR images are aligned together using the known registration parameters. 

 Real scenario 
In Real case the LR images are registered with the help of the geo-informatics (Lat/Long data). 

The process of co-registering the LR images using the geo-information is called Geo-

referencing, and the flow chart of this process is shown in Fig 4.4 

 
Fig 4.4 Image registration using Geo-Referencing 

 Geo-referencing 
Geo-referencing refers to the process of assigning map coordinates to image data. The 

image data may already be projected onto the desired plane, but not yet referenced to 

the proper coordinate system. The Lat/Lon (Latitude and longitude) values are used to 

geo-referenced the image. 

The Geo-reference process lets one create, edit, and store control information that 

relates the positions of raster cells (pixels) of an satellite image and geometric elements 

in one’s spatial objects to map coordinates in a specified coordinate reference system 

[45]. 
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Image-to-image registration involves geo-referencing only if the reference image is 

already geo-referenced. Geo-referencing, by itself, involves changing only the map 

coordinate information in the image file. The grid of the image does not change [46]. 

Geo-referencing is used as an image registration technique at NRSC, India. 

ArcMap and Erdas Imagine are used as official software at NRSC Hyderabad for 

implementation of different techniques of remote sensing.  

Different remote sensing satellite data techniques such as registration, transformation, 

stretching etc. can be implemented in QGIS It is free and open source Geographic 

Information System. For Geo-referencing, we used QGIS software and performed the 

image registration technique [47]. 

The Geo-Referenced images should possess Pixel RMSE which is defined according Eq. (8) 

in section 4.4.5 in order to minimize the error.

 

 SR Reconstruction Algorithms 
SR Reconstruction algorithms used in this thesis are 

Iterative approach Bayesian approach 

Iterative Back Projection (IBP) [48] Total Variation Prior (TV Prior):[38] 

Robust SR reconstruction [34] Norm L1 Prior:[39] 

Projection on convex sets (POCS) [35] Simultaneous Auto Regression (SAR) 

[41]  

Structured ANC-1  

Noise Robustness [36] 

Combination of TV Prior and SAR [49] 

Structured ANC-2  

High Pass Filter  [36] 

Combination of Norm L1 and SAR [49] 

Bicubic Interpolation [50] /Non-

iterative approach. 

Mix Filters SR Reconstruction [42] 

 
Table 4: SR construction algorithms used in this project 
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 Evaluation methods 
In simulated scenario, multiple LR images of the same scene are obtained by passing through 

observation model which include translation, down sampling and adding noise to the HR 

image. SR reconstruction techniques are applied for the obtained LR images. 

Objective parameters of the image such as PSNR, MSE and SSIM are calculated for the 

obtained reconstructed HR image. Subjective analysis such as visual quality is performed for 

the reconstructed HR image. The SR reconstruction algorithm is applied for Cartosat-1 and 

Orbit View 3 satellite data sets to generate HR images. 

 MSE (Mean Square Error) 
 It is defined as mean of the square of the error obtained between the referenced image and the 

generated image [51]. 

 
 

(5) 

 

where represents the size of the original HR image,  (x, y) is the generated HR image 

and f (x, y) is the original HR image. The Eq. (5) estimates the square error, normalized by sum 

square of pixel intensities in original HR image. 

 PSNR (Peak signal to noise ratio) 
 PSNR is an expression for the ratio between the maximum possible value (power) of a signal 

and the power of distorting noise that affects the quality of its representation [50]. 

 
 

(6) 

 

where MSE is the mean square error value, whereas 255 value represents the maximum 

intensity value of pixels for 8-bit image. 

 SSIM (Structural Similarity) 
SSIM is used for measuring the similarity between original and the generated HR images [50].

SSIM is defined as  
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(7) 

 

where  are original image and SR constructed image, are, constants,  are the 

standard deviations of the images .  can be found from Eq. (67) in [7]. 

 Entropy 
In Image processing entropy E is defined as amount of information present in an image in other 

terms, it is also defined as the measure of randomness. It is defined by [52] 

 
 

(8) 

where  is probability of information of feature present in the image i. 

 Pixel RMSE 
In geo-referencing, the relative displacement between the pixels in input geo-referenced and 

generated output referenced image is calculated based on formula mentioned in [53]. 

The root means square of these pixels’ displacement is known as Pixel RMSE. 

 
 

 

(9) 

here  is projected pixel coordinate,  is original pixel coordinate. 

 SNR (Signal to Noise Ratio) 
 For a given unknown noise signal the SNR value is calculated using 

  

 

(10) 

here  is mean value of the signal and  is standard deviation of the signal. 
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5 Implementation 
This section comprises project implementation and tools that are used in the thesis. 

 Survey of relevant technologies, environment tools 
Survey of relevant environment tools: 

 ArcMap 

It is a GIS software provided by of ERSI Company, and is used widely across the world 

to view, edit, create, and analyse geospatial data. ArcMap has a inbuilt tools which 

allows user to explore data within different datasets and create maps based on user 

requirement [54]. ArcMap is a desktop application, at NRSC ArcMap is used as one of 

the primary software for GIS applications. 

 QGIS 

It is also known as Quantum GIS, it is an open-source GIS desktop application which 

provides similar functions of ArcMap such as editing and viewing the geospatial data 

to some extent [47]. 

 Erdas Imagine 

Erdas Imagine is an image processing software package that allows users to process 

both geospatial and other satellite imagery data. It can also handle different satellite 

datasets such as hyperspectral imagery and LiDAR captured from various sensors 

present in the satellite system [55]. 

 MATLAB 

The MATLAB platform is used for solving engineering and scientific application based 

problems. The MATLAB programming language is based on matrix and hence it used 

mostly to express computational mathematics. MATLAB has built-in graphics and 

mathematical algorithms which helps user to view and analyse data at ease [56]. 

 Open CV 

OpenCV stands for Open Source Computer Vison, it provides interface for 

programming of computer vison applications such as image processing, pattern 

recognitions etc. It provides some in-built functions similar to MATLAB in image 

processing applications [57]. 
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 Selected environment tools and technologies for project 
Based on the choices such as free-availability and user friendly respective environment tools 

are selected. 

1. QGIS 
2. MATLAB 2014a  
3. Erdas Imagine 

 Simulated data 
In simulated data, a known HR image is considered and respective 4 LR images are generated 

by down sampling the known HR image using known shifting displacements and rotations. 

In our case the rotation parameters are not considered. The translated parameters are entered 

manually. The translation parameters in x, y direction for the LR images are given by NRSC. 

Simulation mode is performed for 2 satellite data: Cartosat-2 and Orbit View 3. Both the 

satellite data sets are taken of the same area. The data sets are acquired in the same season. 

 

 Image registration 
The LR images generated from known HR image are registered. 

The assumptions considered for the LR’s are: 

1. They must possess sub pixel level translation shift. 

2. They must be rotation free data. 

3. Noise in the LR images should be minimum. 

The image registration process in simulated scenario is performed for the known translated 

parameters, which are not observed in real life incidents. 

In this image registration, the reference LR image is used to register the other LR images using 

the x-displacement and y-displacement shifts that are used to generate the initial LR images as 

mentioned above. The LR images are registered using MATLAB software. 

 SR Reconstruction 
The SR reconstruction algorithms that are used in this thesis are applied for the registered LR 

images. The SR Reconstruction algorithms are implemented in MATLAB and their respective 

MATLAB software were given by NRSC.
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The SR Reconstruction software used in this thesis are Bayesian framework [58] and Iterative 

framework [59]. 

The objective parameters PSNR, MSE, SSIM and entropy are calculated for SR Reconstructed 

images in MATLAB. 

 Real data 
In real data scenario, different Cartosat-1 data sets for different areas are considered for the SR 

reconstruction. These data sets are considered LR images. 

For registering the LR images, geo-referencing (image registration) is performed in QGIS and 

Erdas Imagine and the generated geo-referenced images are used for SR Reconstruction. 

 Image Registration 
In real data case, the image registration for Cartosat-1 satellite data sets, geo-referencing 

technique is performed. The geo-referenced LR image is considered a reference image and 

using this reference image other LR images are co-registered individually. 

After considering the reference image and the input LR image, common features such as roads 

junction points, rail-road crossings are considered GCP points. GCP points are ground control 

points, which are used as reference points and registration is performed with the help of these 

points. Then based on the GCP points selection, a polynomial order is selected and nearest 

neighbourhood transformation setting is used to translate/rotate the LR image. 

After performing the transformation, pixel RMSE error is calculated for the input LR image in 

order to verify the pixel based registration. 

 SR Reconstruction 
For the geo-referenced LR images the SR Reconstruction algorithms are implemented in 

MATLAB, provided by NRSC. 

HR images for respective algorithm are obtained and entropy for obtained HR image is 

calculated. 

Edge detection of input LR images of Cartosat-1, SR Reconstructed images and original HR 

image of Cartosat-2 are performed in MATLAB, using the software provided by NRSC. 
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6  Results and discussions 
In this section, the evaluation and validation of results are performed. 

The SR Reconstruction algorithms that are considered in this thesis are tested for the given 

satellite datasets. 

 Effect of feature variation in image on quality of constructed SR 

image 
 The feature variant satellite data are used in order to validate the performance of SR image 

construction in data variant satellite images. LR images of Cartosat-1 satellite datasets are 

considered. The LR images are considered at two different time series (summer and monsoon 

seasons) of agricultural area. 4 LR images are considered for feature change data. 

Satellite Cartosat-1 

Spatial Resolution 2.5m 

Data location Cultivation fields and ponds 

Seasons Summer and Monsoon season 

Path-row 539-314  

539-315  

540-314  

540-315  

Input LR size, pixels  

Output HR size, pixels   
Table 5: Dataset specifications for feature change area of Cartosat-1  

Image registration and SR construction: 

The time series datasets of Cartosat-1 are co-registered with the help of geo-referencing.  After 

the geo-referencing is performed, the datasets are fed as input for performing SR construction 

in MATLAB. 

Bicubic, IBP, Robust SR and TV Prior SR techniques are considered in order to observe the 

variation of SR construction for feature varying input datasets. 
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 SR constructed outputs for considered algorithms. 

   
a. LR image 1 (Ref) b. LR image 2 c. LR image 3 

   
d. LR image 4 e. Bicubic f. TV prior 

  
g. IBP h. Robust SR 

Fig 6.1 (a)-(d): LR images, (e)-(h) SR Reconstructed outputs by four methods 

In Fig 6.1 (a)-(d) the 4 different time, series data considered, we could observe the variation of 

features such as ponds and cultivation of crops. Fig 6.1 (e)-(h) are the constructed HR images 

for the considered SR algorithms. Distorted HR images are obtained for the considered LR 

images. A small part of the output image in Fig 6.1 (e)-(h) is considered for further validation 

as shown in Fig 6.2
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Zoomed version of the outputs 

 
a. LR image 1 (Ref) b. Bicubic c. TV prior 

d. IBP e. Robust SR 
Fig 6.2 (a): enlarged LR image, (b)-(e) enlarged SRR images 

From Fig 6.2 (c) - (e), we observe that unwanted image lines in vertical and horizontal direction 

are formed. This is due to the variation of land feature present in input LR images in that 

respective area. 

Generally, lack of registration may lead to formation of grid layer, but in this case grid layer is 

formed due to feature change. The input LR images are crops field images taken at different 

time periods of the year, due to this variation we observe different intensities of same feature 

in different input images eg, for selected area of block region we observe black and white 

intensities of image. 

So, the feature variant data should not be considered, since while performing SR 

reconstruction, we lose the information of the original image can be observed in Fig 6.2 (a) and 

(c)-(e). 
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In simulation mode, HR satellite data sets of same areas are considered in  

 Cartosat-2 panchromatic data with spatial resolution of 1m 

 Orbit View 3 panchromatic data with spatial resolution of 1m 

The objective parameters such as MSE, PSNR, SSIM and entropy are calculated as we possess 

the reference HR image. 

 Simulated datasets 
The simulation process is performed for the above-mentioned data sets using known 

parameters. In simulated process, an HR image is considered and respective 4 LR images are 

generated by down sampling of HR image with factor 2 as shown in Table 6: Parameters given 

for generation of LR images The down-sampled LR images are translated in both x and y 

directions using the parameters listed in Table 5. No rotation is considered in the generated LR 

images. 

Known Parameters 

Parameters given for generation of LR images are listed in Table 5. 
Known Parameters Low resolution images 

LR1 (Ref) LR2 LR3 LR4 

X- Displacement (pixels) 0 0.5678 0.7132 -0.5643 

Y- Displacement (pixels) 0 0 0.6754 0.4563 

R- Rotation 0 0 0 0 

Table 6: Parameters given for generation of LR images 

The translation parameters which are given by NRSC are added manually in MATLAB to 

generate the LR images. The same translation and rotation parameters are added to both 

Cartosat-2 and Orbit View 3 satellite datasets. 

 Cartosat-2 dataset  
The Cartosat-2 satellite data is a very HR data having the spatial resolution of 1m. The datasets 

can differentiate the features greater than 1m range. 

The HR image of Cartosat-2 satellite dataset is considered and four LR images are generated 

using the translation parameters given in Table 5. 
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Dataset used for the experiment: 

Satellite Cartosat-2 

Spatial resolution 1m 

Data location Semi-Urban area 

Radiometric resolution 10-bit 

Path-row 520-320 

HR image size, pixels  

LR image size, pixels   
Table 7:  Dataset specifications of Cartosat-2 simulated data. 

Image registration and SR construction: 

The translated LR images are registered using the translation parameters in both x and y 

directions mentioned in Table 5. Since, no rotation is present in the LR images, the rotation 

step is not performed in image registration of LR images. Bayesian and Iterative approach 

algorithms are tested for the given datasets.
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Outputs 

Fig 6.3 represents the SR Reconstructed outputs for the considered 12 algorithms, as 

listed in Table 4. 

 
a. LR Image b. Original HR c. IBP 

   
d. Robust SR e. POCS f. Structured ANC-1 

   
g. Structured ANC-2 h. Bicubic i. TV prior 
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j. Norm L1 k. SAR l. Norm L1+SAR 

 
m. TV prior+SAR n. Mix Filters 

 
Fig 6.3 (a): Input LR image, (b): Reference HR image, (c)-(n): SR Reconstructed Outputs 

In Fig 6.3 (a), the LR image is down sampled version of HR image of Fig 6.3 (b).  

In Fig 6.3(c), (d), (e), (f), (g) some part of the image is distorted.  

Unwanted image lines which are seen along horizontal lines of the images in Fig 6.3 (c)-(g) 

are obtained; these lines are due to lack of registration and algorithm implementation problems. 

The improper registration can lead to the distortion of the reconstructed HR image. 

The constructed HR images for the considered LR images have been observed to be similar. 

In order to evaluate the performance of the outputs a small part of the output images is enlarged. 
The red colour box is a small part selected for further validation, see Fig 6.3 (a) while the 

orange box is selected for observing texture enchantment of the constructed HR images, see 

Fig 6.3 (b). Objective parameters are evaluated for the constructed HR images of Cartosat-2 

satellite dataset. The evaluated results are tabulated in Table 8. 
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Zoomed version of the outputs 

The enlarged version of the image in Fig 6.3 (a) consists of three major buildings and some 

part of grassland, as shown in Fig 6.4 (a)-(n). 
 

 
a. LR Image b. Original HR c. IBP 

d. Robust SR e. POCS f. Structured ANC-1 

 
g. Structured ANC-2 h. Bicubic i. TV prior 
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j. Norm L1 k. SAR l. Norm L1+SAR 

m. TV prior+SAR n. Mix Filters 

Fig 6.4 (a): enlarged LR image, (b): Reference HR image, (c)-(m) enlarged SRR images 

Observation from the images in Fig 6.4 

 In LR image the building edges are blurred, whereas in reference HR image in Fig 

6.4(b) the edges are sharp when compared to the LR image in Fig 6.4 (a) 

 Simple Bicubic interpolation gives a smooth HR image which can be observed in Fig 

6.4 (h). 

 IBP and Robust SR reconstruction techniques obtained a distorted image which can be 

seen in Fig 6.4 (c), (d). 

 POCS and Structure ANC-2 obtained a smoothened HR image which can be seen in 

Fig 6.4 (e) and (g) 

 The Bayesian application such as TV Prior, Norm L1 Prior, SAR reconstruction 

techniques have obtained a similar good visual quality results which can be seen in 

enlarged version Fig 6.4 (i)-(n). 

 The edges of the buildings are sharpened in the Bayesian approaches.  

 Texture enhancement was not found in outputs in Fig 6.3 (c)-(n).
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Method Mean 

Square Error 

(MSE) 

Peak Signal to 

Noise Ratio 

(PSNR) 

Structural 

Similarity 

(SSIM) 

Entropy 

IBP 26.2126 26.0878 0.7957 6.3228 

Robust SR 41.7614 22.5956 0.6220 6.5048 

POCS 22.5067 25.6990 0.7611 6.2156 

Structure ANC-1 19.0037 27.5560 0.8308 6.2222 

Structure ANC-2 15.8774 33.2783 0.8498 6.1998 

Bicubic 19.4562 27.8560 0.9536 6.1281 

TV Prior 0.0366 60.3858 0.9997 6.1434 

Norm L1 0.0298 61.5448 0.9998 6.1434 

SAR 0.7508 46.7133 0.9962 6.1730 

Norm L1+SAR 0.0382 60.3611 0.9998 6.1529 

TV Prior+ SAR 1.0430 44.6672 0.9935 6.1499 

Mixed filters 0.0243 62.6993 0.9998 6.1445 
Table 8: Objective parameters for the Cartosat-2 simulated mode 

 
Fig 6.5 Parameters performance for true Cartosat -2 dataset 

Norm SSIM is used in  Fig 6.5 in order to visualize the SSIM w.r.t to PSNR and MSE values 

data as its value ranges from 0-1. Normalization of SSIM is calculated by multiplying the SSIM 

values by a factor of 10. 
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From the parameters in Fig 6.5 we observe that  

• Iterative approach algorithms such as IBP, Robust SR, HR image outputs have highest 

MSE values. 

• Bayesian approach algorithms outputs have higher PSNR and SSIM values. 

•  Mixed filters, Combination of Norm L1+ SAR algorithms have obtained higher PSNR 

and SSIM values when compared to other algorithms. 

• Algorithms based on Bayesian approach shows smaller MSE and greater PSNR and 

SSIM values compared to respective values of Iterative approach algorithms. 

 
Fig 6.6 Entropy parameters for Cartosat-2 original HR image and reconstructed SR images 

Entropy performance can be seen in Fig 6.6: 

• Reconstructed HR images have higher entropy when compared to the original HR 

image. 

• Robust SR and IBP algorithm constructed HR outputs have the highest entropy due to 

the distortion present in constructed HR output. 
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 Orbit View 3 dataset 
The Orbit View 3 satellite data is a very HR data having the spatial resolution of 1m i.e. from 

the datasets, we can differentiate the features within 1m range. The dataset specifications of 

Orbit View 3 satellite can be observed in Table 9. The HR image of Orbit View 3 satellite 

dataset is considered and four LR images are generated using the translation parameters given 

in Table 6. 

Satellite Orbit View 3 

Spatial resolution 1m 

Radiometric resolution  11-bit 

Data location Semi-Urban area 

HR image size, pixels  

LR image size, pixels   
Table 9: Dataset Specification of the Orbit View 3 

The translated LR images are registered using the translation parameters in both x and y 

directions mentioned in Table 6.Since, no rotation is present in the LR images, the rotation step 

is not performed in image registration of LR images. Bayesian and Iterative approach 

algorithms as given in Table 4 are tested for the given datasets. 

The Radiometric resolution of Orbit view 3 is 11 bit whereas the Cartosat-2 satellite has 

a radiometric resolution of 10 bit. This is one of the important factor for having higher 

PSNR and SSIM values. 
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Outputs 

Fig 6.7 represents the SR Reconstructed outputs for the considered 12 algorithms as listed in 

Table 4. 

   
a. LR Image b. Original HR c. IBP 

   
d. Robust SR e. POCS f. Structure ANC-1 

   
g. Structure ANC-2 h. Bicubic i. TV Prior 
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j. Norm L1 k. SAR l. TV prior+SAR 

  
m. Norm L1+SAR n. Mixed filters 

Fig 6.7 (a): Input LR image, (b): Reference HR image, (c)-(n): SR Reconstructed Outputs 

In Fig 6.7 (a) LR image is a down sampled version of the original HR image. 

In Fig 6.7(c), (d), (e), (g) some part of image is distorted.  

Unwanted image lines, which are seen along horizontal lines of the images in Fig 6.7 (c)-(g) 

are obtained. These are due to lack of registration and algorithm implementation problems. The 

improper registration can lead to the distortion of the reconstructed HR image. In order to 

evaluate the performance of the outputs, a small part of the output images is enlarged. 
The black colour box is a small part selected for further validation, see Fig 6.7 (a). The orange 

box is selected for observing texture enchantment of the constructed HR images, see Fig 6.7 

(b). Objective parameters are evaluated for the constructed HR images of Orbit View 3 satellite 

dataset. The evaluated results are tabulated in Table 10. 



Master’s Thesis in Signal Processing  

 

48 
 

Zoomed version of the outputs 

The enlarged version of the image in Fig 6.7 consists of three major buildings and some part 

of grassland as showing in corresponding sub-figures in Fig 6.8. 

   
a. LR Image b. Original HR c. IBP 

   
d. Robust SR e. POCS f. Structured ANC-1 

   
g. Structured ANC-2 h. Bicubic i. TV prior 
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j. Norm L1 k. SAR l. Norm L1+SAR 

  
m. Norm L1+SAR n. Mixed filters 

Fig 6.8 (a): enlarged LR image, (b): Reference HR image, (c)-(m) enlarged SRR images 

Observation from the output images in Fig 6.8 

 In LR image the building edges are blurred, whereas in Reference HR image the edges 

are sharp when compared to the LR image which can be seen in Fig 6.8 (a). 

 Simple Bicubic interpolation gives a smooth HR image can be observed in Fig 6.8 (h). 

 Robust SR reconstruction technique obtained a distorted image which can be observed 

in Fig 6.8 (d). 

 IBP, POCS, Structure ANC-1 obtained a similar image in Fig 6.8 (c), (f), (e) whereas 

POCS technique smoothed the HR image which can be observed in Fig 6.8 (e). 

 Structure ANC-2 technique has blurred the HR image which can be seen in Fig 6.8 (g). 

 The Bayesian application such as TV Prior, Norm L1 Prior, SAR reconstruction 

techniques have obtained a similar good visual quality results which can be observed 

in Fig 6.8 (i)-(n). 

 The edges of the buildings are sharpened and texture of the grassland is preserved in 

the Bayesian approaches
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Method Mean Square 

Error 

(MSE) 

Peak Signal to 

Noise Ratio 

(PSNR) 

Structural 

Similarity 

(SSIM) 

 

Entropy 

IBP 73.0233 21.7175 0.6258 7.4828 

Robust SR 91.1655 17.2217 0.3664 7.5742 

POCS 63.3935 20.8668 0.5580 7.4002 

Structure ANC-1 61.1048 22.6239 0.6443 7.3971 

Structure ANC-2 57.3527 22.9110 00.6688 7.3879 

Bicubic 127.8988 22.9639 0.7770 7.2745 

TV Prior 1.3732 44.2943 0.9951 7.3375 

Norm L1 1.1354 45.1899 0.9959 7.3320 

SAR 3.4681 39.9789 0.9895 7.3513 

Norm L1+SAR 1.3431 44.4196 0.9956 7.3387 

TV Prior+ SAR 1.5587 43.7236 0.9949 7.3369 

Mixed filters 1.3921 44.1411 0.9943 7.2996 
Table 10: Objective parameters for Orbit View 3 simulated mode 

 
Fig 6.9 Parameters performance for true Orbit View 3 dataset 

Norm SSIM is used in  Fig 6.5 in order to visualize the SSIM w.r.t to PSNR and MSE values 

data as its value ranges from 0-1.
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From the parameters in Fig 6.9 we observe that  

• Iterative approach algorithm such as IBP, Robust SR and Non-iterative Bicubic 

algorithm, HR image outputs have highest MSE values. 

• Bayesian approach algorithms outputs have higher PSNR and SSIM values. 

•  Norm L1, Combination of Norm L1+ SAR algorithms have obtained higher PSNR and 

SSIM values when compared to other algorithms. 

• Algorithms based on Bayesian approach shoe smaller MSE and greater PSNR and 

SSIM values compared to respective values of Iterative approach algorithms. 

 

 
Fig 6.10 Entropy parameters for Orbit View 3 original HR image and reconstructed SR images 

Entropy performance can be seen in Fig 6.10 

• Reconstructed HR images have higher entropy when compared to the original HR 

image. 

• Robust SR and IBP algorithm constructed HR outputs have higher entropy due to the 

distortion present in constructed HR output. 

Observation from Cartosat-2 and Orbit View3 SR Reconstructions images are: 

• The entropy values for the SR reconstructed images are higher for the Orbit View 3 

datasets than the Cartosat-2 datasets. 

• The standard deviation of Cartosat-2 dataset is smaller, which is leading to the higher 

PSNR values in reconstructed HR images. 
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 Real Datasets 
The 2.5 m spatial resolution of Cartosat-1 satellite data considered LR images and SR 

reconstruction algorithms are applied for those real data sets. 

 Dataset-1 Homogenous Area 
Three LR images of Cartosat-1 of spatial resolution of 2.5m for a homogenous area are 

considered low resolution images. The airport area is selected as area of interest. The LR image 

possess fewer features (objects) in it. 

Satellite Cartosat-1 

Spatial resolution 2.5m 

Radiometric resolution 10-bit 

Data location Airport Area 

Path-row for Real data 557-319 

557-320 

558-320 

Input LR image size, pixels (2.5m) 

Output HR image size, pixels  (1.25m) 
Table 11: Dataset specifications for Airport area of Cartosat-1 

Image registration and SR Reconstructions: 

The time series datasets are co-registered with the help of geo-referencing. After the geo-

referencing is performed, the datasets are fed as input for performing SR Reconstruction. 

Different SR Reconstructions algorithms are used for the given real data sets. 
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Outputs 

Fig 6.11 represents the SR Reconstructed outputs for the considered 12 algorithms as listed in 

Table 4. 

   
a. Real LR b. Bicubic c. IBP 

   
d. Robust SR e. POCS f. Structure ANC-1 

   
g. Structure ANC-2 h. TV Prior i. Norm L1 
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j. SAR k. Norm L1+SAR l. TV Prior +SAR 

 
m. Mix filters 

 
Fig 6.11 (a): Input LR image, (b)-(m): SR Reconstructed Outputs 

The HR output images appear to be similar in subjective view of point. The performance of the 

outputs can be evaluated by using the small portion of the output. The enlarged version of the 

image consists of .an airport runway and markings present on the runway. Objective parameter 

for the constructed HR images are tabulated in Table 12. 
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Zoomed version of the outputs: 

The enlarged version of the image in Fig 6.11(a) consists of a small part of runway and white 

colour markings as shown in Fig 6.12 (a)-(m) 

   
a. Real LR b. Bicubic c. IBP 

   
d. Robust SR e. POCS f. Structure ANC-1 

   
g. Structure ANC-2 h. TV Prior i. Norm L1 
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j. SAR k. Norm L1+SAR l. TV Prior +SAR 

 
m. Mix filters 

Fig 6.12 (a): enlarged LR image, (b)-(m) enlarged SRR images 

Observations from the output images in Fig 6.12 

 All the constructed HR images are having smooth edges. 

 Structure ANC-2 algorithms distort the image, which can be observed in Fig 6.12 (g) 

 POCS algorithm blurred the constructed output HR image, which can be seen in Fig 

6.12 (e). 

 Most of the algorithms have produced similar HR images which are estimated 

subjectively. 

 Due to homogenous dataset, the SR construction of input images cannot be observed 

clearly. 

.  
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 Dataset-2 Heterogeneous Area 
Three LR’s of Cartosat-1 of spatial resolution of 2.5m for a heterogeneous area are considered 

low resolution images. The urban area is selected as area of interest. The LR image possesses 

more features (objects) in it. 

Satellite Cartosat-1 

Spatial resolution 2.5m 

Radiometric resolution  

Data location Urban Area 

Path-row for real data 544-315 

544-316 

545-315 

Input LR image size, pixels  (2.5m) 

Output HR image size, pixels  (1.25m) 
Table 12: Dataset specifications for urban area cartosat-1 

Image registration and SR Reconstructions: 

The time series datasets are co-registered with the help of geo-referencing. After the geo-

referencing is performed, the datasets are fed as input for performing SR reconstruction in 

MATLAB. Different SR reconstructions algorithms that are listed in Table 4 are used for the 

given real data sets. 
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Outputs 

Fig 6.13 represents the SR Reconstructed outputs for the considered 12 algorithms as listed in 

Table 4. 

a. Real LR b. Bicubic c. IBP 

d. Robust SR e. POCS f. Structure ANC-1 

g. Structure ANC-2 h. TV Prior i. Norm L1 
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j. SAR k. Norm L1+SAR l. TV Prior +SAR 

m. Mix filters 
Fig 6.13 (a): Input LR image, (b)-(m): SR Reconstructed Outputs 

In Fig 6.13 (j), (g) part of image is distorted. The HR output images appear to be similar in 

subjective view of point. The performance of the outputs can be evaluated by using the small 

portion of the output. The red colour box is a small part selected for further validation, see in 

Fig 6.13 (a). The enlarged version of the image consists of a building and some features in it. 

Objective parameter for the constructed HR images are tabulated in Table 13. 
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Zoomed version outputs: 

The enlarged version of the image in Fig 6.13 (a) consists of a major building and few small 

buildings as show in Fig 6.14 (a) - (m). 

   

a. Real LR b. Bicubic c. IBP 

   
d. Robust SR e. POCS f. Structure ANC-1 

   
g. Structure ANC-2 h. TV Prior i. Norm L1 
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j. SAR k. Norm L1+SAR l. TV Prior +SAR 

 
m. Mix filters 

 Fig 6.14 (a): enlarged LR image, (b)-(m) enlarged SRR images 

Observations from the output images in Fig 6.14 are 

 Bicubic interpolation used to enhance the image but the edges are smoothed which can 

be observed in Fig 6.14 (c). 

 SAR, Structure ANC-2 algorithms distorts the image which can be observed in Fig 6.14 

(g) and (j). 

 POCS, Mixed filter algorithms blurred the constructed HR image which can be seen in 

Fig 6.14 (e) and (m). 

 Bayesian approaches such as TV prior, Norm L1 and combination algorithms obtained 

a HR image in which a grid can be observed in Fig 6.14 (h), (i), (k), (l). 

 Structured ANC-1 algorithms generated a good HR image which can be seen in Fig 

6.14. 

 Edges enhancement can be visible in most of the algorithms. 
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Entropy and SNR are calculated for Reconstructed HR images for Cartosat-1 data sets and 

listed in Table 13. 

 
Images SNR SNR(dB) Entropy 
LR1 53.70318 5.46 0.1814 
LR2 33.88442 5.06 0.1814 
lR3 4.295364 3.266 0.1814 
Bicubic 4.607868 3.327 0.1522 
Mix filters 33.358 5.0464 0.1711 
Norm l1 + SAR 69.64661 5.6858 0.1443 
Norm l1 49.26063 5.385 0.1435 
SAR 79.25013 5.798 0.1458 
TV Prior + SAR 61.3197 5.5752 0.1502 
TV Prior 79.74436 5.8034 0.1459 
IBP 26.16978 4.8356 0.1664 
Robust SR 25.30463 4.8064 0.1614 
POCS 183.527 6.5274 0.0032 
ANC-1 10.02536 4.0022 0.2628 
ANC-2 24.20472 4.7678 0.1729 

Table 13: Entropy and SNR parameters for Cartosat-1 heterogenous area dataset 

 
Fig 6.15 Entropy and Norm SNR parameters for Catosat-1 heterogeneous area dataset 

Observation of entropy and SNR can be seen in Fig 6.15 

 SNR values are normalized in order to visualize with the entropy values. 

 Structure ANC-1 has higher entropy than the remaining algorithms. 

 POCS smoothens the Reconstructed SR image so the entropy is significantly smaller. 

 Bayesian approach SR algorithms has similar entropy for SR outputs. 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Entropy

Norm SNR



 

Master’s Thesis in Signal Processing  

 

63 
 

Canny Edge detection for constructed HR images  

Canny edge detection [60] is performed to evaluate the edges in the constructed HR images 

shown in Fig 6.13 (a)-(m). The outputs of canny edge detection can be observed in Fig 6.16. 

A reference image of Cartosat-2 HR image (1.25m) is considered to evaluate the SR 

construction of Cartosat-1 (2.5m) LR images. 

  

  

 

   

a) LR1- reference b) IBP c) Robust SR 
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d) POCS e) ANC-1 f) ANC-2 

   

  

 

g) Bicubic h) TV Prior i) Norm L1 
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j) SAR k) TV Prior+SAR l) Norm L1+ SAR 

  

  

m) Mixed filters n) HR image 
 

Fig 6.16 Edge detection for a) LR image, (b)-(m) SR Reconstructed images, (n) HR image 

 The generated SR output image edges are not equal to the edges that are present in 
HR image of Cartosat-2. 

  POCS and Bicubic outputs have smoothed the images we see that the edges in 
Fig 6.16 (d) and (g) were not sharpened. 

 ANC-2 image possesses noise in it and this can be observed in edge detection. 
 The input LR image features are retained in the constructed HR images 

highlighted as red colour box in Fig 6.16 (a)-(b). 
 The mixed pixel is not resolved in constructed HR images in Fig 6.16 (b)-(m) as 

the building edges were not clear when compared to Fig 6.16 (n). 
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 Radiometric Resolution Analysis 
The radiometric analysis is used to observe the impact of actual radiometry in SR 

reconstruction process. Factors influencing the radiometry of the satellite images are: 

• Land cover. eg: Urban area, crop lands, forests etc. 

• Sunlight reflectance onto the satellite; 

• Atmospheric conditions and pollution; 

• Sensor acquisition limitation; 

3- Sigma Thumb rule: 

For a Gaussian distribution signal, the 3-sigma thumb rule estimates the range of data points 

lying in 3-sigma range as shown in Fig 6.17. The 3-sigma rule is used to calculate a value  

which is defined by [61]. 

  (11) 

where  is the mean value of the gray intensities of image and  is the standard deviation of 

gray intensities of the considered input image. 

The histogram distribution of the input satellite datasets is assumed to be Gaussian distribution. 

Based on this assumption actual radiometric resolution of the satellite is estimated from the 

corresponding image data set. 

The Radiometry (bit quantization)  is given by [62]. 

 (12) 

here, s is considered as quantization levels present in the image  

The number of pixels with gray scale intensity in 3 sigma range is given by  

 

 

 

(13) 

where ,  are number of rows and columns in the image f. 
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Fig 6.17 3- Sigma Thumb rule for Gaussian distribution signal [63] 

Cartosat -2 (1m) Radiometric analysis 

Estimated Radiometric resolution of the inputs satellite images is computed. The estimated 

radiometric resolution of CARTOSAT-2 satellite is computed and compared with the estimated 

radiometric resolution of the Orbit View 3 satellite. The comparison is performed in order to 

observe the radiometric variation from the given satellite specification values. 

Fig 6.18 shows an histogram of one Cartosat-2 (1m) HR image showing the distribution of 

pixels intensites present in that image. 

 
Fig 6.18 Histogram for Cartosat-2 simulated area dataset 

The Cartosat-2 image sensor designed for 10-bit radiometric resolution. The images present in 

the dataset must possess the pixel’s intensity values ranging from 0 to 1023 ( ). 
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From the histogram of Cartosat-2 (1m) HR image, we get the parameters, mean gray scale 

intensity, standard deviation and estimated radiometry values.   

Mean gray scale intensity ( ) for pixels in one HR image of Cartosat-2 =  as shown in 

Fig 6.18. Similarly, standard deviation of the gray scale value of pixels in one image ( ) = 

. 

Total number of pixel’s present in the Cartosat-2 (1m) HR image = = . 

Actual radiometry is calculated based on the formulas in Eq. (11) -(13). 

From Eq. 11 we get s as  = 127.98. 

From Eq. 12 we get r as  , hence obtained actual radiometry is -bit. 

The number of pixels that are ranging in 3-sigma range is given by Eq. 13, from which we 

obtained, so a total of 255590 (97.5%) pixels out of 262144 input pixels are lying in 3 sigma 

range. From calculations, we observe that satellite dataset possesses 7-bit radiometry, whereas 

original sensor is designed for 10-bit radiometry. 

As mentioned previously, the loss of radiometry may depend upon the feature coverage area 

and environmental conditions. 

 

Orbit View 3 (1m) radiometric analysis 

Fig 6.19 shows an histogram of one Orbit View 3 image showing the distribution of pixels 

intensites present in that image and actual radiometry is estimated using the Eq. (11)- (13). 

 
Fig 6.19 Histogram for Orbit View 3 simulated dataset 
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The Orbit view 3 image sensors designed for 11-bit radiometric resolution. The images present 

in the dataset must possess the pixel’s intensity values ranging from 0 to 2047 ( ). 

From the histogram of Orbit view 3(1m) image, we get the parameters, Mean gray scale 

intensity, standard deviation and radiometry.  

Mean gray scale intensity ( ) for pixels in one HR image of Orbit View 3 =  as shown 

in Fig 6.19. Standard deviation of the gray scale value of pixels in one image ( ) = . 

Total number of pixel’s present in the Orbit View 3 (1m) HR image= = . 

Actual radiometry is calculated based on the formulas in Eq. (11) -(13). 

From Eq. 11 we get s as  = 348.15. 

From Eq. 12 we get r as  , hence obtained actual radiometry is -bit. 

The number of pixels that are ranging in 3-sigma range is given by Eq. 13, from which we 

obtained, so a total of 256560 (97.87%) pixels out of 262144 input pixels are lying in 3 sigma 

range. From calculations, we observe that satellite dataset possesses 9-bit radiometry, whereas 

as original sensor is designed for 11-bit radiometry. 

We are losing 2-bit radiometric data and this loss occurs due to many factors such as 

atmospheric pollution, path difference and sunlight reflectance to the sensor. 

• The estimated radiometric resolution r =9 of Orbit View 3 dataset is higher than the 

estimated radiometric resolution r =7 of Cartosat-2 dataset which can be observed from 

the radiometric analysis. 

 

The histogram of LR images of Cartosat-1 are similar to each other, so we have considered one 

LR image for radiometric analysis. 

 

Cartosat-1 (2.5m) – homogenous area dataset  radiometric analysis 

Fig 6.20 shows a histogram of one Cartosat-1 image (one LR image) showing the distribution 

of pixels intensites present in that image. 
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 Fig 6.20 Histogram for the Cartosat-1 Airport area dataset  

The Cartosat-1 image sensor designed for 10-bit radiometric resolution. The images present in 

the dataset must possess the pixel’s intensity values ranging from 0 to 1023 ( ). 

From the histogram of Cartosat-1 (2.5m) image, we get the parameters, mean gray scale 

intensity, standard deviation and estimated radiometry. 

Mean gray scale intensity ( ) for pixels in one LR image = as shown in Fig 6.20. 

Standard deviation of the gray scale value of pixels in one image ( ) =  

Total number of pixel’s present in the Cartosat-1(2.5m) LR image= = . 

Actual radiometry is calculated based on the formulas in Eq. (11) -(13). 

From Eq. 11 we get s as  = 37. 

From Eq. 12 we get r as  , hence obtained actual radiometry is -bit. 

The number of pixels that are ranging in 3-sigma range is given by Eq. 13, from which we 

obtained, so a total of 65070 (99.29%) pixels out of 65536 input pixels are lying in 3 sigma 

range. From calculations, we observe the satellite dataset possess 5-bit radiometry, whereas as 

original sensor is designed for 10-bit radiometry. 

So, we are losing 5-bit radiometric data and this is leading to the difficulty of SR reconstruction. 

The loss of radiometric resolution is due the homogenous area dataset and senor incapability 

of capturing the satellite dataset. 
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Cartosat-1 (2.5m) – heterogenous area dataset  radiometric analysis 

Fig 6.21 shows an histogram of one Cartosat-1 image (one LR image) heterogenous area 

dataset showing the distribution of pixels intensites present in that image. 

 
Fig 6.21 Histogram for Cartosat-1 heterogeneous area dataset 

The Cartosat-1 image sensor designed for 10-bit radiometric resolution. The images present in 

the dataset must possess the pixel’s intensity values ranging from 0 to 1023 ( ). 

From the histogram of Cartosat-1 (2.5m) dataset, we get the parameters, mean gray scale 

intensity, standard deviation and estimated radiometry. 

Mean gray scale intensity ( ) for pixels in one LR image of Cartosat-1 =  as shown in 

Fig 6.21. 

Standard deviation of the gray scale value of pixels in one image ( ) = . 

Total number of pixel’s present in the Cartosat-1 (2.5m) LR image= =  

Actual radiometry is calculated based on the formulas in Eq. (11) -(13). 

From Eq. 11 we get s as  = 75. 

From Eq. 12 we get r as  , hence obtained actual radiometry is -bit. 

The number of pixels that are ranging in 3-sigma range is given by Eq. 13, from which we 

obtained, so a total of 38025 (98.71%) pixels out of 38522 input pixels are lying in 3 sigma 
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range. From calculations, we observe the satellite dataset possesses 6-bit radiometry, whereas 

as original sensor is designed for 10-bit radiometry. 

Even though the dataset is taken for a heterogonous area, we are still losing 4-bit radiometric 

data and this is leading to the difficulty of SR reconstruction. 

The loss of radiometric resolution is due to sensor incapability of capturing the images. 

The low spatial resolution satellite images must possess good radiometric resolution in order 

to observe SR Reconstruction technique. 

Hence, due to this lack of radiometric resolution feature, SR reconstruction of Cartosat-1 

satellite dataset was difficult and cannot be observed clearly. 

 

Reference Cartosat-2 HR image (1.25m) radiometric analysis 

Radiometric analysis of a reference image of Cartosat-2 HR image (1.25m) that is used in 

canny edge detection is performed. 

Fig 6.22 shows an histogram of one Cartosat-2 image (reference HR image) heterogenous area 

dataset showing the distribution of pixels intensites present in that image. 

  
Fig 6.22 Histogram for Cartosat-2 heterogeneous area dataset 

The Cartosat-2 image sensor designed for 10-bit radiometric resolution. The images present in 

the dataset must possess the pixel’s intensity values ranging from 0 to 1023 ( ). 

From the histogram of reference Cartosat-2 (1.25m) image, we get the parameters mean gray 

scale intensity, standard deviation and estimated radiometry. 
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Mean gray scale intensity ( ) for pixels in one HR image of Cartosat-2 (1.25m) =  as 

shown in Fig 6.22. 

Standard deviation of the gray scale value of pixels in one image ( ) = . 

Total no. of pixel’s present in the image= = . 

Actual radiometry is calculated based on the formulas in Eq. (11) -(13). 

From Eq. 11 we get s as  = 275. 

From Eq. 12 we get r as  , hence obtained actual radiometry is  bit. 

The number of pixels that are ranging in 3-sigma range is given by Eq. 13, from which we 

obtained, so a total of 152393 (97.46%) pixels out of 154088 input pixels are lying in 3 sigma 

range. From calculations, we observe the satellite dataset possess (8)-bit radiometry, whereas 

as original sensor is designed for 10-bit radiometry. 

 

 

S. No  

Parameters 

Satellite datasets 

Cartosat-1 Cartosat-2 Cartosat-2 Orbit View 3 

Urban area Airport area Urban area Same area 

1 Spatial Resolution 2.5m 2.5m 1.25m 1m 1m 

2 Radiometric 

Resolution satellite 

specifications 

10-bit 10-bit 10-bit 10-bit 11-bit 

3 Estimated satellite 

datasets radiometry 

6-bit 5-bit 8 -bit 7-bit 9-bit 

Table 14: Parameters for estimated radiometric resolution of different satellite datasets 
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7 Conclusions and Future works 
A model, which uses geo-referencing as image registration technique and different SR 

reconstruction algorithms such as iterative methods and Bayesian approaches is developed for 

obtaining high spatial resolution image for Cartosat-1. Feature invariant and cloud free time 

series satellite data are collected as multi-frame input for generation of SR reconstruction 

techniques. Feature change LR images produce a mesh layer and distorted the constructed HR 

image. Image registration of LR images is performed so that aliasing effect will not distort the 

constructed HR image. Objective parameters such as PSNR, MSE, SSIM and Entropy are 

calculated for SR technique performance in simulated image. 

 Simulated data 

 Cartosat-2 system 
Robust SR reconstruction algorithm has large MSE value whereas mixed filters SR 

reconstruction value has small MSE value and this is due to problem in algorithm software. 

Bayesian approach algorithms such as Norm L1, mixed filters and combination algorithms 

have high structural similarity. Bayesian approach algorithms have obtained high PSNR, SSIM 

and low MSE value when compared to other algorithms. Entropy of reconstructed HR images 

is higher than the reference HR image entropy. Edges sharping has been observed in most of 

the algorithms, whereas texture enhancements are not observed.

 Orbit View 3 system 
Bicubic interpolation output HR image has the highest MSE value. The output HR images of 

Robust SR, IBP algorithms have been distorted. Bayesian approach algorithms such as Norm 

L1, mixed filters and combination algorithms have high structural similarity. Bayesian 

approach algorithms have obtained Higher PSNR, SSIM and lower MSE values. Entropy of 

reconstructed HR images is higher than the reference HR image entropy. Edges are sharpened 

and texture enhancement is also observed. 

The objective parameter PSNR values are higher for Cartosat-2 reconstructed SR outputs than 

the Orbit View 3 outputs due to less standard deviation and lower estimated radiometric 

resolution than the Orbit View 3 SR outputs. 

Due to better estimated radiometric resolution than the Cartosat-2, the Orbit view 3, the texture 

enhancement is preserved in reconstructed SR images. The entropy value of reference HR 
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image of Orbit View 3 satellite system is higher than entropy of reference HR image Cartosat-

2 satellite system. 

 Real data 
A Higher spatial resolution of 1.25m is obtained for Cartosat-1 datasets. Entropy is calculated 

for the LR images of Cartosat-1 satellite datasets and compared with the constructed HR 

images. In Urban areas, we can observe the variation of algorithms and their feature extraction. 

Edge detection of Cartosat-1 reconstructed SR outputs results that basic super resolution 

reconstruction is done by preserving the input LR image features. The SR reconstruction HR 

images have lack of features extraction, and can be seen when compared to reference HR image 

of Cartosat-2 (1.25m). The mixed pixel in Cartosat-1 was not clearly resolved and this can be 

seen in the edge detected outputs. Texture enhancement is not observed HR image. The 

estimated radiometric resolution of the Cartosat-1 satellite images is 4 bit smaller as compared 

to hardware resolution specifications of the satellite.  The sensor problem can be observed 

when comparing the radiometric resolution for Cartosat-1 and Cartosat-2 (1.25m) satellite 

dataset for same area. The evaluation results indicate that construction of the HR image 

precisely might not be possible due to the lack of radiometry and hardware limitations of 

Cartosat-1 satellite system. So, to perform good super resolution phenomenon the satellite data 

must possess a rich radiometric resolution. 

Challenges faced in generation of Super Resolution technique 

1. Robust Image registration: 

Image registration is a crucial step for generation of SR image. If the registration technique is 

not implemented properly then the final SR image gets degraded. 

The sub-pixel shifted LR images motion estimation should be performed with minimum error. 

2. SR technique selection:  

An SR technique should be selected uniquely and should perform well based on the input 

Carosat-1 LR satellite images. 

3. Performance:  

The produce SR technique should perform well and it should be useful for the estimation of 

urban cities development. 
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Limitations of the project 

Dataset must be a feature invariant, cloud free data. The satellite dataset must possess rich 

radiometric resolution. Registration error should be minimum. Sunlight illuminance should be 

similar in all the LR images. More number of LR images are required for construction of SR 

image. In simulated mode, the change in LR image intensity may affect the final SR 

reconstructed image. 

 

Future Work 

 The histogram distribution of satellite images is assumed to be Gaussian distribution. 

The type of the distribution of the radiometric data in a satellite image might be evaluated 

more accurately. 

 Indian Space Research Organisation (ISRO) is designing a GEO Imaging Satellite 

(GISAT).  

GISAT will carry a GEO Imager with multi-spectral (visible, near infra-red and thermal), 

multi-resolution (50m to 1.5 km) imaging instruments. GISAT will be placed in 

geostationary orbit of 36,000 km.  

GISAT will provide near real time pictures of large areas of the country, under cloud free 

conditions, at frequent intervals. That is, selecting sector-wise image every 5 minutes and 

entire Indian landmass image every 30 minutes at 50m spatial resolution. 

The SR construction algorithms will be investigated as a possible technique to increase the 

spatial resolution of 50m to higher level for the GISAT satellite image dataset.
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