


DIGITAL IMAGE PROCESSING

UNIT-2&3

Image Enhancement in Spatial Domain - Basic Grey Level Transformations
Image enhancement is a very basic image processing task that defines us to have a better subjective judgement over the images. And Image Enhancement in spatial domain (that is, performing operations directly on pixel values) is the very simplistic approach. Enhanced images provide better contrast of the details that images contain. Image enhancement is applied in every field where images are ought to be understood and analysed. For example, Medical Image Analysis, Analysis of images from satellites, etc. Here I discuss some preliminary image enhancement techniques that are applicable for grey scale images.
Image enhancement simply means, transforming an image f into image g using T. Where T is the transformation. The values of pixels in images f and g are denoted by r and s, respectively. As said, the pixel values r and s are related by the expression,
s = T(r)
where T is a transformation that maps a pixel value r into a pixel value s. The results of this transformation are mapped into the grey sclale range as we are dealing here only with grey scale digital images. So, the results are mapped back into the range [0, L-1], where L=2k, k being the number of bits in the image being considered. So, for instance, for an 8-bit image the range of pixel values will be [0, 255].
There are three basic types of functions (transformations) that are used frequently in image enhancement. They are,
· Linear,
· Logarithmic,
· Power-Law.
The transformation map plot shown below depicts various curves that fall into the above three types of enhancement techniques.
[image: Curves of various transformations]
Image Enhancement can be in two methods
1) spatial domain
2) frequency domain
1.1	Spatial domain methods


Suppose we have a digital image which can be represented by a two dimensional random field .



An image processing operator in the spatial domain may be expressed as a mathematical function  applied to the image to produce a new image  as follows.




The operator  applied on  may be defined over:


(i)	A single pixel . In this case  is a grey level transformation (or mapping) function.

(ii)	Some neighbourhood of .

(iii)	 may operate to a set of input images instead of a single image.

Example 1


The result of the transformation shown in the figure below is to produce an image of higher contrast than the original, by darkening the levels below  and brightening the levels above  in the original image. This technique is known as contrast stretching.
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Example 2
The result of the transformation shown in the figure below is to produce a binary image.
                                      





                                                                      

1.2	Frequency domain methods




Let  be a desired image formed by the convolution of an image  and a linear, position invariant operator , that is:


The following frequency relationship holds:



We can select  so that the desired image






exhibits some highlighted features of . For instance, edges in  can be accentuated by using a function  that emphasises the high frequency components of . 
2.	Spatial domain: Enhancement by point processing

We are dealing now with image processing methods that are based only on the intensity of single pixels.

2.1	Intensity transformations

2.1.1	Image Negatives


The negative of a digital image is obtained by the transformation function  shown in the following figure, where  is the number of grey levels. The idea is that the intensity of the output image decreases as the intensity of the input increases. This is useful in numerous applications such as displaying medical images.





2.1.2	Contrast Stretching
Low contrast images occur often due to poor or non uniform lighting conditions, or due to nonlinearity, or small dynamic range of the imaging sensor. In the figure of Example 1 above you have seen a typical contrast stretching transformation.

2.2	Histogram processing. Definition of the histogram of an image.

By processing (modifying) the histogram of an image we can create a new image with specific desired properties.


Suppose we have a digital image of size  with grey levels in the range . The histogram of the image is defined as the following discrete function:


where



 is the  grey level, 


 is the number of pixels in the image with grey level 

 is the total number of pixels in the image

The histogram represents the frequency of occurrence of the various grey levels in the image. A plot of this function for all values of  provides a global description of the appearance of the image.

Question: Think how the histogram of a dark image, a bright image and an image of very low contrast would like. Plot its form in each case.

2.3	Global histogram equalisation







In this section we will assume that the image to be processed has a continuous intensity that lies within the interval . Suppose we divide the image intensity with its maximum value . Let the variable  represent the new grey levels (image intensity) in the image, where now  and let  denote the probability density function (pdf) of the variable . We now apply the following transformation function to the intensity 


                                                        ,                                                         (1) By observing the transformation of equation (1) we immediately see that it possesses the following properties:


(i)	.



(ii)	, i.e., the function  is increase ng with .







(iii)	 and . Moreover, if the original image has intensities only within a certain range  then  and  since . Therefore, the new intensity  takes always all values within the available range [0 1].





Suppose that ,  are the probability distribution functions (PDF’s) of the variables  and  respectively.







Let us assume that the original intensity lies within the values  and  with  a small quantity.  can be assumed small enough so as to be able to consider the function  constant within the interval  and equal to . Therefore,

.







Now suppose that  and . The quantity  can be assumed small enough so as to be able to consider that  with  small enough so as to be able to consider the function  constant within the interval  and equal to . Therefore,






Since ,  and the function of equation (1) is increasing with , all and only the values within the interval  will be mapped within the interval . Therefore,



From equation (1) we see that


and hence,



Conclusion
From the above analysis it is obvious that the transformation of equation (1) converts the original image into a new image with uniform probability density function. This means that in the new image all intensities are present [look at property (iii) above] and with equal probabilities. The whole range of intensities from the absolute black to the absolute white are explored and the new image will definitely have higher contrast compared to the original image.

Unfortunately, in a real life scenario we must deal with digital images. The discrete form of histogram equalisation is given by the relation

                                                                      (2) The quantities in equation (2) have been defined in Section 2.2. To see results of histogram equalisation look at any introductory book on Image Processing.
The improvement over the original image is quite evident after using the technique of histogram equalisation. The new histogram is not flat because of the discrete approximation of the probability density function with the histogram function. Note, however, that the grey levels of an image that has been subjected to histogram equalisation are spread out and always reach white. This process increases the dynamic range of grey levels and produces an increase in image contrast.

2.4	Local histogram equalisation

Global histogram equalisation is suitable for overall enhancement. It is often necessary to enhance details over small areas. The number of pixels in these areas my have negligible influence on the computation of a global transformation, so the use of this type of transformation does not necessarily guarantee the desired local enhancement. The solution is to devise transformation functions based on the grey level distribution – or other properties – in the neighbourhood of every pixel in the image. The histogram processing technique previously described is easily adaptable to local enhancement. The procedure is to define a square or rectangular neighbourhood and move the centre of this area from pixel to pixel. At each location the histogram of the points in the neighbourhood is computed and a histogram equalisation transformation function is obtained. This function is finally used to map the grey level of the pixel centred in the neighbourhood. The centre of the neighbourhood region is then moved to an adjacent pixel location and the procedure is repeated. Since only one new row or column of the neighbourhood changes during a pixel-to-pixel translation of the region, updating the histogram obtained in the previous location with the new data introduced at each motion step is possible quite easily. This approach has obvious advantages over repeatedly computing the histogram over all pixels in the neighbourhood region each time the region is moved one pixel location. Another approach often used to reduce computation is to utilise non overlapping regions, but this methods usually produces an undesirable checkerboard effect.

2.5	Histogram specification

Suppose we want to specify a particular histogram shape (not necessarily uniform) which is capable of highlighting certain grey levels in the image.
Let us suppose that:

 is the original probability density function

 is the desired probability density function

Suppose that histogram equalisation is first applied on the original image 



Suppose that the desired image  is available and histogram equalisation is applied as well







 and  are both uniform densities and they can be considered as identical. Note that the final result of histogram equalisation is independent of the density inside the integral. So in equation  we can use the symbol  instead of .

The inverse process  will have the desired probability density function. Therefore, the process of histogram specification can be summarised in the following steps.

(i)	We take the original image and equalise its intensity using the relation .


(ii)	From the given probability density function  we specify the probability distribution function .

(iii)	We apply the inverse transformation function 
3.	Spatial domain: Enhancement in the case of many realisations of an image of interest available

3.1	Image averaging




Suppose that we have an image  of size  pixels corrupted by noise , so we obtain a noisy image as follows.



For the noise process  the following assumptions are made.

(i)	The noise process  is ergodic.

(ii)	It is zero mean, i.e., 


(ii)	It is white, i.e., the autocorrelation function of the noise process defined as  is zero, apart for the pair .


Therefore,  where  is the variance of noise.








Suppose now that we have  different noisy realisations of the same image  as , . Each noise process  satisfies the properties (i)-(iii) given above. Moreover, . We form the image  by averaging these  noisy images as follows:




Therefore, the new image is again a noisy realisation of the original image  with noise   .

The mean value of the noise  is found below.



The variance of the noise  is now found below.





Therefore, we have shown that image averaging produces an image , corrupted by noise with variance less than the variance of the noise of the original noisy images. Note that if  we have , the resulting noise is negligible.

4.	Spatial domain: Enhancement in the case of a single image

4.1	Spatial masks

Many image enhancement techniques are based on spatial operations performed on local neighbourhoods of input pixels.
The image is usually convolved with a finite impulse response filter called spatial mask. The use of spatial masks on a digital image is called spatial filtering.



Suppose that we have an image  of size  and we define a neighbourhood around each pixel. For example let this neighbourhood to be a rectangular window of size 

	

	

	


	

	

	


	

	

	






If we replace each pixel by a weighted average of its neighbourhood pixels then the response of the linear mask for the pixel  is . We may repeat the same process for the whole image.

4.2	Lowpass and highpass spatial filtering


A  spatial mask operating on an image can produce (a) a smoothed version of the image (which contains the low frequencies) or (b) it can enhance the edges and suppress essentially the constant background information. The behaviour is basically dictated by the signs of the elements of the mask.
Let us suppose that the mask has the following form

	

	

	


	

	

	


	

	

	





To be able to estimate the effects of the above mask with relation to the sign of the coefficients , we will consider the equivalent one dimensional mask

	

	

	







Let us suppose that the above mask is applied to a signal . The output of this operation will be a signal  as 



. This is the transfer function of a system that produces the above input-output relationship. In the frequency domain we have .


The values of this transfer function at frequencies  and  are:




If a lowpass filtering (smoothing) effect is required then the following condition must hold


If a highpass filtering effect is required then


The most popular masks for lowpass filtering are masks with all their coefficients positive and for highpass filtering, masks where the central pixel is positive and the surrounding pixels are negative or the other way round.
4.3	Popular techniques for lowpass spatial filtering

4.3.1	Uniform filtering
The most popular masks for lowpass filtering are masks with all their coefficients positive and equal to each other as for example the mask shown below. Moreover, they sum up to 1 in order to maintain the mean of the image.
 (
1
1
1
1
1
1
1
1
1
)





4.3.2	Gaussian filtering
The two dimensional Gaussian mask has values that attempts to approximate the continuous function



In theory, the Gaussian distribution is non-zero everywhere, which would require an infinitely large convolution kernel, but in practice it is effectively zero more than about three standard deviations from the mean, and so we can truncate the kernel at this point. The following shows a suitable integer-valued convolution kernel that approximates a Gaussian with a  of 1.0.
 (
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4.3.3	Median filtering



The median  of a set of values is the value that possesses the property that half the values in the set are less than  and half are greater than . Median filtering is the operation that replaces each pixel by the median of the grey level in the neighbourhood of that pixel.


Median filters are non linear filters because for two sequences  and 


Median filters are useful for removing isolated lines or points (pixels) while preserving spatial resolutions. They perform very well on images containing binary (salt and pepper) noise but perform poorly when the noise is Gaussian. Their performance is also poor when the number of noise pixels in the window is greater than or half the number of pixels in the window (why?)
 (
Isolated point
Median filtering
0
0
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1
0
0
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0
0
)




4.3.4	Directional smoothing

To protect the edges from blurring while smoothing, a directional averaging filter can be useful. Spatial averages  are calculated in several selected directions (for example could be horizontal, vertical, main diagonals)







and a direction  is found such that  is minimum. (Note that  is the neighbourhood along the direction and  is the number of pixels within this neighbourhood).

Then by replacing we get the desired result.
4.3.5	High Boost Filtering
A high pass filtered image may be computed as the difference between the original image and a lowpass filtered version of that image as follows:
(Highpass part of image)=(Original)-(Lowpass part of image)

Multiplying the original image by an amplification factor denoted by , yields the so called high boost filter:


(Highboost image)=(Original)-(Lowpass)=(Original)+(Original)-(Lowpass)

=(Original)+(Highpass)
The general process of subtracting a blurred image from an original as given in the first line is called unsharp masking. A possible mask that implements the above procedure could be the one illustrated below.
 (
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The high-boost filtered image looks more like the original with a degree of edge enhancement, depending on the value of .

4.4	Popular techniques for highpass spatial filtering. Edge detection using derivative filters

4.4.1	About two dimensional high pass spatial filters
An edge is the boundary between two regions with relatively distinct grey level properties. The idea underlying most edge detection techniques is the computation of a local derivative operator. The magnitude of the first derivative calculated within a neighbourhood around the pixel of interest, can be used to detect the presence of an edge in an image.



The gradient of an image  at location  is a vector that consists of the partial derivatives of   as follows.



The magnitude of this vector, generally referred to simply as the gradient  is


Common practice is to approximate the gradient with absolute values which is simpler to implement as follows.



                                                                                                                 (1) Consider a pixel of interest  and a rectangular neighbourhood of size  pixels (including the pixel of interest) as shown below.







4.4.2	Roberts operator





Equation (1) can be approximated at point  in a number of ways. The simplest is to use the difference  in the  direction and  in the  direction. This approximation is known as the Roberts operator, and is expressed mathematically as follows.

                                                                                                                         (2) Another approach for approximating (1) is to use cross differences

                                                                                                                         (3) Equations (2), (3) can be implemented by using the following masks. The original image is convolved with both masks separately and the absolute values of the two outputs of the convolutions are added.
 (
Roberts operator
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Roberts operator
)






4.4.3	Prewitt operator

Another approximation of equation (1) but using now a  mask is the following.

                                                         (4) This approximation is known as the Prewitt operator. Equation (4) can be implemented by using the following masks. Again, the original image is convolved with both masks separately and the absolute values of the two outputs of the convolutions are added.
 (
Prewitt operator
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4.4.4	Sobel operator. Definition and comparison with the Prewitt operator

The most popular approximation of equation (1) but using a  mask is the following.

                                                    (5) This approximation is known as the Sobel operator.
 (
Sobel operator
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If we consider the left mask of the Sobel operator, this causes differentiation along the  direction. A question that arises is the following: What is the effect caused by the same mask along the  direction?
If we isolate the following part of the mask
 (
1
2
1
)




and treat it as a one dimensional mask, we are interested in finding the effects of that mask. We will therefore, treat this mask as a one dimensional impulse response  of the form 






or (
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The above response applied to a signal  yields a signal  or in z-transform domain . Therefore,  is the impulse response of a system with transfer function  shown in the figure below for . This is a lowpass filter type of response. Therefore, we can claim that the Sobel operator has a differentiation effect along one of the two directions and a smoothing effect along the other direction.
[image: ]






The same analysis for the Prewitt operator would give   shown in the figure below for . This response looks “strange” since it decreases up to the point  and then starts increasing.

[image: ]

Based on the above analysis it is stated in the literature that the Sobel operator have the advantage of providing both a differencing a smoothing effect while Prewitt does not. However, if you implement both operators you cannot see any visual difference.
4.4.5	Laplacian operator

The Laplacian of a 2-D function  is a second order derivative defined as


In practice it can be also implemented using a 3x3 mask as follows (why?)


The main disadvantage of the Laplacian operator is that it produces double edges
Enhancement in frequency domain:
	The principal objective of enhancement is to process a given image so that the result is more suitable than the original image for a specific application.
Two broad methods are possible:
1. Spatial domain techniques and
2. Frequency domain techniques
	Here we concentrate only on Frequency domain techniques. The convolution theorem is the foundation of frequency domain techniques. Consider the following spatial domain operation:
g (x,y) = h (x,y) * f (x,y)
	The convolution theorem states that following frequency domain relationship holds:
G (u,v) = H (u,v) F (U,v)
	Where G, H and F are the Fourier transforms of g, h and f respectively. H is known as the transfer function of the process. Many image enhancement problems can be expressed in the form of the above equation. The goal is to select a transfer function that changes the image in such a way that some feature of the image is enhanced. Examples include edge detection, noise removal, emphasis of information is the image.
General Concept:
	The frequency filters process an image in the frequency domain. Application of this type of filtering is easy:
1. Transform the image into the Fourier domain
2. Multiply the image by the filter
3. Take the inverse transform of the image
[image: http://bme.med.upatras.gr/improc/freque1.gif]
	All frequency filters can also be implemented in the spatial domain and, if there exists a simple kernel for the desired filter effect, it is computationally less expensive to perform the filtering in the spatial domain. Frequency filtering is more appropriate if no straight forward kernel can be found in the spatial domain, and may also be more efficient.
The operator usually takes an image and a filter function in the Fourier domain. This image is then multiplied with the filter function in a pixel-by-pixel fashion:
G (u,v) = F (u,v) * H (u,v)
	Where F (u,v) is the input image in the Fourier domain, H (u,v) the filter function and G (u,v) is the filtered image.
	To obtain the resulting image in the spatial domain, G (u,v) has to be retransformed using the inverse Fourier transform. There are basically three different kinds of filters: low-pass, high-pass and band-pass filters.
1. Low-pass filtering:
	Edges and sharp transitions in the gray levels of an image contribute significantly to the high-frequency content of its Fourier transform. Blurring (smoothing) is achieved in the frequency domain by attenuating a specified range of high-frequency components. This task is performed through low-pass filtering.
The two low-pass filters that we will consider are:
a. Ideal low-pass filter and
b. Butterworth low-pass filter
a. Ideal low-pass filter:
	The ideal low-pass filter is one which satisfies the relation:
[image: http://bme.med.upatras.gr/improc/freque2.gif]
	Where D₀ is a specified nonnegative quantity, and D (u,v) is the distance from point (u,v) to the origin of the frequency plane;
[image: http://bme.med.upatras.gr/improc/freque15.jpg]
	The filter is called ideal because all the frequencies inside the circle of radius D₀ are passed with no attenuation, whereas all frequencies outside this circle are completely attenuated.
	The drawback of this filter function is a ringing effect that occurs along the edges of the filtered spatial domain image.
b. Butterworth low-pass filter:
	The Butterworth low-pass filter is an approximation to the ideal filter without the step discontinuity. The transfer function of the Butterworth low-pass filter of order n and with cut-off frequency locus at a distance D₀ from the origin is defined by the relation:
[image: http://bme.med.upatras.gr/improc/freque14.jpg]
Where D (u,v) is given by,
[image: http://bme.med.upatras.gr/improc/freque20.jpg]
	Unlike the ideal low-pass filter, the Butterworth filter does not have a sharp discontinuity that establishes a clear cut-off between passed and filtered frequencies.
2. High-pass filtering:
	Image sharpening can be achieved in the frequency domain by a high-pass filtering process. High-pass filter will attenuate the low-frequency components without disturbing high frequency information.
	We only consider zero-phase-shift filters that are radially symmetric and can be completely specified by cross section extending as a function of distance from the origin at center.
The two high-pass filters that we will consider are:
a. Ideal high-pass filter and 
b. Butterworth high-pass filter
a. Ideal high-pass filter:
	The ideal high-pass filter is one which satisfies the relation:
[image: http://bme.med.upatras.gr/improc/freque2.jpg]
	This filter completely attenuates all frequencies inside a circle of radius D₀ while passing, without attenuation, all frequencies outside the circle.
b. Butterworth high-pass filter:
	As in the case of the Butterworth low-pass filter, common practice is to select the cut-off frequency locus at points for which H (u,v) is down to 1/√2 of its maximum value.
3. Homomorphic filtering:
	The illumination component of an image is generally characterized by slow spatial variation while the reflectance component of an image tends to vary abruptly.
	These characteristics lead to associating the low frequencies of the Fourier transform of the natural log of an image with illumination and high frequencies with reflectance.
	Even though these assumptions are approximation at best, a good deal of control can be gained over the illumination and reflectance components with a homomorphic filter.
	Homomorphic filtering is a method in which the illumination and reflectance components can be filtered individually. The basic model is as shown:

[image: http://bme.med.upatras.gr/improc/homomorph.gif]
Image smoothing:
	In statistics and image processing, to smooth a data set is to create an approximating function that attempts to capture important patterns in the data, while leaving out noise or other fine-scale structures phenomena. Many different algorithms are used in smoothing. One of the most common algorithms is the moving average, often used to try to capture important trends in repeated statistical surveys. In image processing and computer vision, smoothing ideas are used in scale-space representations.
	Smoothing may be distinguished from the related and partially overlapping concept of curve fitting in the following ways:
1. Curve fitting often involves the use of an explicit function form for the result, whereas the immediate results from smoothing are the smoothed values with no later use made of a functional form if there is one.
2. The aim of smoothing is to give a general idea of relatively slow changes of value with little attention paid to the close matching of data values, while curve fitting concentrates on achieving as close a match as possible.
3. Smoothing methods often have an associated tuning parameter which is used to control the extent of smoothing.
	However, the terminology used across applications is mixed. For example, use of an interpolating spline fits a smooth curve exactly through the given data points and is sometimes called smoothing.
Image sharpening:
	As the color and brightness values for each pixel are interpolated some image softening is applied to even out any fuzziness that has occurred. To preserve the impression of depth, clarity and fine details, the image processor must sharpen edges and contours. It therefore must detect edges correctly and reproduce them smoothly and without over-sharpening.
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