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[bookmark: _Ref259522845]Abstract
This Thesis applies the process and knowledge of digital signal processing and image processing to diagnose glaucoma using digital fundus images.

The algorithm was tested with a separate set of 60 fundus images. Digital fundus image has been widely used for automatic detection of the optic disc, blood vessels and the computation of the features.   Features such as the blood vessels ratio, optic disc and the ratio of the blood vessel area in the inferior-superior side to area of blood vessel in the nasal-temporal side were extracted.  A Gaussian mixture model classifier was used as the classification tool. 
  
In addition to diagnose of glaucoma, a graphical user interface (GUI) was developed during this work.  The GUI is for automatic diagnosing and displaying the diagnosis result in a friendlier user interface.
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Chapter 1: Project Introduction
			        

[bookmark: _Ref259522924] 	Project Statement
Analyzing and automating diagnose glaucoma using MATHLAB digital image processing techniques, classifying these images into respective groups.  This help to create awareness among glaucoma patients to detect and treat glaucoma during the early stages, minimizing any damage cause to the eye avoiding blindness.  
[bookmark: _Ref259785731] 	Project Objective
Glaucoma describes a group of heterogonous disorders in which progressive damage to the optic nerve head and loss of visual field which associated with the increased intraocular pressure (IOP). Glaucoma is known as the “silent thief of sight” and glaucoma blindness is irreversible and permanent. In most of the cases, glaucoma is detected after vision is lost. The cause of the vision lose was due to the damage of the optic nerve.  Optic nerve which carries the image information from the light receptors on the retina to the brain was damage due to the increasing intraocular pressure within the eye.  

The objective of the project is to develop a program that will automatically classify, discriminate and distinguish between the glaucoma image and normal fundus images of the eye and with better accuracy, specificity, sensitivity and efficiency.  Using the image processing techniques, features in the fundus images such as the optic disc, texture and the blood vessel will be extracted.  The extracted image will be able to confirm whether the patient has glaucoma.  

The secondary objective includes developing a MATLAB based Graphic User Interface (GUI) to sum everything up.  This program allows fast, robust and automated detection of glaucomatous changes in the eye fundus.  Such a system helps to discover glaucomatous cases and warn the patient, so that careful evaluation can be done in time to control disease progression.    Figure 1 show the proposed system for the detection of glaucoma.  From the figure 1, it show that the fundus image’s feature will be extracted using the image processing.  It will then be further goes through the classification to show whether the image is normal or glaucoma.
[bookmark: _Toc259784061]          
Figure 1 Proposed System for the Detection of Glaucoma
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Figure 2 Grantt Chart

Chapter 2: Literature Review of the Eye
			        

[bookmark: _Ref259785745]Introduction of the eye
The human eye is the organ which gives us the sense of sight and it is an organ composed of many different parts.  Glaucoma is an eye disorder; therefore understand the anatomy of the eye will provides a better understanding to this disease.
[bookmark: _Ref259522964]Anatomy of the eye
The eye is a hollow, spherical structure about 2.5 centimeters in diameter.  The spaces within the eye are filled with fluids that provide support for it wall and internal parts, and help maintain it s shape.  
	
[bookmark: _Ref259522973]The Cornea
The cornea serves as the window of the eye and helps to focus entering the light rays.  It is composed largely of connective tissue with a thin layer of epithelium on its surface.  The transparency of the cornea is due to the fact that it contains relatively few cells and no blood vessels.  On the other hand, the cornea is well supplied with nerve fibers that enter it margin and radiate toward its center.  

[bookmark: _Ref259522982]The Iris
The iris is a thin diaphragm composed largely of connective tissue and smooth muscles fibers that is seen from outside as the colored portion of the eye.  It extends forward from the periphery of the ciliary body and lies between the cornea and the lens.  The iris divides the space separating these parts, which is called the anterior cavity, into an anterior chamber and a posterior chamber.

[bookmark: _Ref259522987]The Lens
The transparent lens is held position by a large number of strong but delicate fibers, called suspensory ligaments, which extend inward from the ciliary process.  The distal ends of these fibers are attached along the margin of a thin capsule that surrounds the lens.  
[bookmark: _Ref259522992]The Pupil
The pupil is essentially just a hole in the iris.  It helps to control the amount of light entering the eye.  It appear black is because the layer of pigment inside the eye absorbs major parts of the light.  However, when pupils appear red in photos it is actually the color of the retina that is reflected.

[bookmark: _Ref259522998]Optic Disc
The optic disc is also known as the optic nerve or the blind spot, the optic disc is the point where the optic nerve attaches to the eye.  All visual messages from cone and rod cells leave the eyeball from this point and then are relayed through nerve threads to the optic center of the brain.  The absence of visual cells in the optic disc causes the appearance of a blind spot in your field of vision.

[bookmark: _Ref259523004]Optic Nerve
The optic nerve transmits visual information from the retina to the brain.  The optic nerve consists of about 1,0000,00 nerve thread.  The optic nerves from both eyes are reconnected behind the eyes so that everything that is seen in the right field of vision is sent to the left cerebral hemisphere and vice versa.











[bookmark: _Toc259784063][bookmark: _Ref260486574]

Figure 3 Anatomy of the Eye (Reference No 14)


Chapter 3: Literature Review of Glaucoma
			        

[bookmark: _Ref259523013] Introduction to glaucoma
Glaucoma can affect eyes in one of two ways.  It usually affects both eyes and it has become the leading cause of blindness in the world.  Glaucoma usually occurs when intraocular pressure increases.  This happens when the fluid pressure in the eye’s anterior chamber, the area between the cornea and the iris, rises. Normally, this fluid, called aqueous humor, flow out of the eye through a mesh like channel.  Therefore the channel becomes block, fluid builds-up, causing pressure.  The increased intraocular pressure can damage the optic nerve which transmits images to the brain.  Figure 2 show the pressure of the glaucomatous eye and it shows the increases of the intraocular pressure.
There are a few causes for glaucoma, it can be hereditary and run in family, cause by some specific things, like steroids in the eye drops, diabetes and a previous eye injury or surgery.  It can also be the cause of bad diet, wearing contact lenses, too much reading or reading in low light.  
There are various types of glaucoma classification:
[bookmark: _Ref259785975]Primary open angle glaucoma
[bookmark: _Ref259785980]Congenital glaucoma
[bookmark: _Ref259785985]Secondary glaucoma

[bookmark: _Toc259784064][bookmark: _Ref260486581]Figure 4 Glaucomatous Eye (Reference No 15)


[bookmark: _Ref259785999]Type of glaucoma

[bookmark: _Ref259523052]Primary open angle glaucoma

Narrow or closed-angle glaucoma is less common and different from open angle glaucoma.  It occurs suddenly with blurred vision, pain, and redness and can cause vision less simply with a day of its onset.  In closed-angle glaucoma, the flow of aqueous is blocked from entering the drainage system that causes a sudden rise in the intraocular pressure.  The closed-angle glaucoma is usually treated by removing a small portion of the outer edge of the iris through surgery.  This surgery will help to unblock the drainage canals to allow the extra fluid to drain.  
	
Primary open angle glaucoma also called chronic open angle glaucoma.  It is the most common and accounts for most cases of glaucoma.  Just like the closed angle glaucoma, the high pressure permanently damages the retinal nerve fibers and optic nerve.  The damage to the optic nerve for the primary open angle glaucoma is very slow and painless, thus causing patient to lose a large portion of vision before they are aware of the problem.  Primary open angle glaucoma responds well to medication, especially if diagnoses early and treated.  


[bookmark: _Ref259523057]Congenital  glaucoma

Congenital glaucoma is rare.  It is usually present in some infants or birth or within the first few years of life.  Infant with glaucoma tend to have cloudy eyes that will be sensitive to light and have excessive tearing.  It will eventually lead to vision loss or even blindness if the problem is not diagnose and treated early.  


[bookmark: _Ref259523062]Secondary glaucoma

Secondary glaucoma is usually associated with another eye disease or disorder.  It can be due to the very mature cataract, uveitis (inflammation inside the eye), bleeding, eye tumor, or an eye injury.   

[bookmark: _Ref259523070]Symptoms of glaucoma
The symptom that is encountered when diagnosed with open angle glaucoma will likely to notice the loss of vision.  Patient with open angle glaucoma will not notice until it becomes very serious.  Patient will notice the lost of side vision before the central vision.
Patients with closed angle glaucoma can be mild.  They will encounter symptoms like blurred vision that last only for a short time.  Severe signs of closed angle glaucoma include long lasting episodes of blurred vision or pain in or around the eye.  Patient may also see colored halos around lights, have red eyes, or feel sick to the stomach and even vomiting
As for congenital glaucoma, symptoms will include watery eyes and sensitivity to light.



[bookmark: _Ref260485029]Detection of glaucoma
Early detection of glaucoma is the best way to prevent vision lost.  Glaucoma tests tend to be very time consuming and special skills and equipment are required.  Therefore there is an urgent need for newer, easier, accurate and faster techniques to diagnose glaucoma at early stages with the operation of less skilled people.  

There are three methods that is use for detecting glaucoma:
Ophthalmoscope
Tonometry
Perimetry

Imaging systems, such as the fundus camera, optical coherence tomography (OCT), Heidelberg retina tomography (HRT) and scanning laser polarimetry have been used extensively for eye diagnose in the recent years.  

Ophthalmoscope is an examination in which doctor uses a handheld devices to look directly through the pupil into the eye.  This procedure is done to examine the optic nerve at the back of the eye.  Damage to the optic nerve, called cupping of the disc, can be detected in this way.  Cupping is caused by the increases of the intraocular pressures.   Moreover a pale color of the nerve can suggest that there is damage to the nerve from the poor blood flow or an increased in the intraocular pressure. 
	
Tonometry is used to determine the pressure in the eye by measuring the tone or the firmness of its surface.  The eye will be numbed with anesthetic eye drops; the tonometer’s sensor is placed against the front of the surface of the eye.  The firmness of the surface of the eye will determine the pressure reading. 
	
Perimetry test measures all area of the eyesight, including the side, or peripheral, vision.  Patient will have to look inside a bowl-shaped instrument called perimeter.  A computer will record the spot of each flash.  At the end of the test, a printout will show that whether the patient has glaucoma or not.  Figure 3 show an image of fundus camera.



[bookmark: _Toc259784065][bookmark: _Ref260486624]Figure 5 Fundus Camera (Reference No 17)


[bookmark: _Ref260485142]Introduction to project

[bookmark: _Ref260485152]Material
A total of 60 fundus images were downloaded and retrieved from the Kasturba Medical College, Manipal, India.  From the 60 fundus images, 30 of the images are normal images from patient with no glaucoma and the other 30 images are glaucoma images.  These images were from patient whose age ranges was from 20 to 70 year old.  The images were photographed and certificated by doctors in the ophthalmology department.  


Chapter 4: Principle and Applications of Digital Image Processing
			        

[bookmark: _Ref259523115]Introduction to digital image processing
Digital image processing is used to perform image processing techniques on digital images.  It is able to perform image enhancement, noise reduction, image segmentation, comparing over an analog image processing.  Digital image processing allows a wider range of algorithms to be applied to the input data.

[bookmark: _Ref259523125]Contrast-Limited adaptive histogram equalization
A histogram is a graph which indicates the number of times each gray level occurs in an image.  For example, in bright images, the gray levels will be clustered at the upper end of the graph.  As for images that are darker, the gray levels will then be at the lower end of the graph.  For a gray level that is evenly spread out in the histogram, the image has to be well-contrasted.  
Contrast Limited Adaptive Histogram Equalization (CLAHE) is one that enhances the intensity and the contrast of the grayscale image by adjusting the image pixel values.  It is done on small region in the image, called tiles, and not on the entire image.  The contrast of each tile is enhanced so that the histogram of the output region approximately matches the specified histogram.  The neighboring tiles will be combined using the bilinear interpolation as to eliminate artificially induced edges or boundaries.  In homogenous area, the contrast will be altered to prevent amplifying any noise that is present in the image.   

[bookmark: _Toc259784066][bookmark: _Ref259784128][bookmark: _Ref260486641]Figure 6 Original Image and its Histogram


[bookmark: _Toc259784067][bookmark: _Ref260486646]Figure 7 Inage after CLAHE and its Histogram

[bookmark: _Ref259523131]Morphological structure element
A structuring element of any type specific shape has to be created before performing any morphological operation. The disc shaped will be the common element structuring element focused in this project.

[bookmark: _Ref259523138]Morphological operation
Morphological is a broad set of image processing operation that process images based on shapes.   It plays an important role in the digital image processing with special operation in the field of machine vision and automatic object detection.  The morphological operation includes dilation, erosion, opening and closing etc.  It applies a structuring element to an input image and creating an output image of the same size.  Therefore by choosing a right size and shape of the input a morphological operation can be constructed that is sensitive to specific shapes in the input image.  

[bookmark: _Ref259523147]Erosion
Morphological erosion will erode away the boundaries or regions of a foreground pixels, or brighter pixel of a binary or grayscale image.  This operation will shrink the size of the area of the foreground pixel and holes within these areas will become larger.


[bookmark: _Ref259523152]Dilation
A morphological dilation operation adds pixels to the boundaries.  It operates the opposite way of erosion.  Morphological dilation enlarges the boundaries of regions of foreground and therefore pixels will increase in size and holes within the area will become smaller. The extent of this thickening is controlled by the Structuring Element (SE) which is represented by a matrix of 0s and 1s 
[bookmark: _Ref259523158]Opening
Morphological opening is defined as erosion, following by dilation.  It will remove some of the foreground pixels from the edges of regions of foreground pixels.  

[bookmark: _Ref259523163]Closing
Morphological closing is defined as dilation, followed by erosion.  It will enlarge the boundaries of foreground regions in an image and shrink background color holes in such regions.  

[bookmark: _Ref259523173]Image Segmentation
The main objective of image Segmentation or threshold is to distinguish objects from the background.  It make decision based on local pixel information, are effective when the intensity levels of the object fall squarely outside the range of levels in the background.  Converting the RGB or indexed images into binary format value of 1 for white to 0 for black is also done using this technique.   Using the right threshold values will determine the important detail of the images is show.  


Chapter 5: Feature Extraction
			        

RGB channel is present in the fundus image.  RGB stands for Red, Green and Blue component.   For each channel, the dynamic range of the pixel is 24 bits and the image used will be 720*560.  Normal fundus image will consists of mostly blood vessels and optic disk at the background whereas a glaucoma fundus image indicate multiple or swollen blood vessels and an increase in the shape of the optic disc.  
[bookmark: _Ref259523180]Cup to disc (C/D) ratio
The ratio of the optic cup disc to the area of the optic disc is compared between a patient diagnose with glaucoma and a normal patient.  A patient who is diagnosed with glaucoma will have results of an enlarged swollen optic cup compared to a normal patient’s result.  Therefore an increase in the Cup to disc ratio will show a significance of a glaucomatous eye.
[bookmark: _Ref259523185]Block diagram
[bookmark: _Toc259784068][bookmark: _Ref260486652]Figure 8 Block diagram of Cup to Disc Ratio


[bookmark: _Ref259523191]MATHLAB code
clc
clear all
close all
 
% Feature Extraction -- Cup To Disc Ratio
%================================================================== %
 
% Image Preprocessing
I_normal = imread('image3.bmp');
I_glaucoma = imread('image31.bmp');
I1 = imresize(I_normal,[560 720]);      
I2 = imresize(I_glaucoma,[560 720]);  
R1 = I1(:,:,1); % Extract Red Component (N)
R2 = I2(:,:,1); % Extract Red Component (G)
G1 = I1(:,:,2); % Extract Green Component (N)
G2 = I2(:,:,2); % Extract Green Component (G)
 
% Adjust intensity
G3 = imadjust(G1); 
G4 = imadjust(G2); 
 
%================================================================== %
 
% Structuring Element 1
se1 = strel('disk',15); % Structuring element "disc" size 15
 
% Morphological closing
% Normal
R3 = imclose(R1,se1);        
G5 = imclose(G3,se1);         
% Glaucoma  
R4 = imclose(R2,se1);        
G6 = imclose(G4,se1);        
 
% Morphological opening
% Normal  
R5 = imopen(R3,se1);   
G7 = imopen(G5,se1);   
% Glaucoma  
R6 = imopen(R4,se1);  
G8 = imopen(G6,se1); 
 
%================================================================== %
 
% Thresholding
% Normal (Binary)
th = 0.805;
R7 = im2bw(R5,th);
th = 0.805;  
G9 = im2bw(G7,th);
% Glaucoma (Binary)
th = 0.805;
R8 = im2bw(R6,th);
th = 0.805;
G10 = im2bw(G8,th);
 
% Clearing the Unwanted Backgrounds
C1 = imclearborder(R7);
C2 = imclearborder(G9);
C3 = imclearborder(R8);
C4 = imclearborder(G10);
 
%================================================================== %
 
% Structuring Element 2
se2=strel('disk',20); % Structuring element "disc" size 20
 
% Morphological opening
% Erode Images
R9 = imerode(C1,se2);
G11 = imerode(C2,se2);
R10 = imerode(C3,se2);
G12 = imerode(C4,se2);
% Final Image / Dilate Images
R11 = imdilate(R9,se2);
G13 = imdilate(G11,se2);
R12 = imdilate(R10,se2);
G14 = imdilate(G12,se2);
 
%================================================================== %
 
% Display of Normal with Glaucoma Images
% Red Component
subplot(3,2,1),imshow(I1),title('Normal Image')
subplot(3,2,2),imshow(I2),title('Glaucoma Image')
subplot(3,2,3),imshow(R1),title('Red Component')
subplot(3,2,4),imshow(R2),title('Red Component')
subplot(3,2,5),imshow(R11),title('Disc Area')
subplot(3,2,6),imshow(R12),title('Disc Area'),figure
% Green Component
subplot(3,2,1),imshow(I1),title('Normal Image')
subplot(3,2,2),imshow(I2),title('Glaucoma Image')
subplot(3,2,3),imshow(G1),title('Green Component')
subplot(3,2,4),imshow(G2),title('Green Component')
subplot(3,2,5),imshow(G13),title('Cup Area')
subplot(3,2,6),imshow(G14),title('Cup Area')
 
%================================================================== %
 
% Counting of the White Pixels to Calculate the Disc Area 
d1 = R11;
countwhite = 0;
[row col] = size(d1);
for xx = 1:row
    for yy = 1:col
        if(d1(xx,yy) ~= 0)
            countwhite = countwhite + 1;
        end
    end
end
DiscArea_Normal = countwhite
 



d2 = R12;
countwhite = 0;
[row col] = size(d2);
for xx = 1:row
    for yy = 1:col
        if(d2(xx,yy) ~= 0)
            countwhite = countwhite + 1;
        end
    end
end
DiscArea_Glaucoma = countwhite
 
% Counting of the White Pixels to Calculate the Cup Area 
c1 = G13;
countwhite = 0;
[row col] = size(c1);
for xx = 1:row
    for yy = 1:col
        if(c1(xx,yy) ~= 0)
            countwhite = countwhite + 1;
        end
    end
end
CupArea_Normal = countwhite
 
c2 = G14;
countwhite = 0;
[row col] = size(c2);
for xx = 1:row
    for yy = 1:col
        if(c2(xx,yy) ~= 0)
            countwhite = countwhite + 1;
        end
    end
end
CupArea_Glaucoma = countwhite
 
% Cup To Disc Ratio
Normal_CuptoDiscRatio = imdivide(CupArea_Normal,DiscArea_Normal)
Glaucoma_CuptoDiscRatio = imdivide(CupArea_Glaucoma,DiscArea_Glaucoma)
 
%================================================================== %


[bookmark: _Ref259523196]Methodology
Results show that optic disc is more easily discriminated in the Red component as compared the Blue and Green component.  However, the optic cup is not able to be distinguished due to the border between the two was unclear. Therefore the Green component will be used to distinguish the optic cup.  

 
[bookmark: _Toc259784069][bookmark: _Ref260486665] 	Figure 9 Original RGB Image
 

As shown on figure 9, various techniques were used to increase and enhance the intensity and the contrast of the images.

                         
[bookmark: _Toc259784070][bookmark: _Ref260486670]Figure 10 Inage after pre-processing- Green component, Red component

Blood vessel of the image is removed so as to achieved the accurately for the measuring of the optic disc and the cup areas.  Morphological operation such as erosion, dilation, opening and closing are implemented on the image.  As the basic effect of morphological erosion operation erodes away the regions of foreground pixels and for dilation was to gradually enlarge the regions of the foreground pixel, therefore this techniques help to remove unwanted bright spots or boundaries present in the image.  A disc shaped structuring element of size 15 was created and a closing and opening operation was performed on both the red and green component images.  A value of 1 (white) was obtain for the region that contains the optic disc and cup, whereas a value of 0 (black) for the background.   The close operation will help to fills in the gaps and help to smooth the outer edges and the open operation will help to remove any small stray bright spot that is present in the image.

  
 
[bookmark: _Toc259784071][bookmark: _Ref260486677]                           Figure 11 Image after morphological operations –Closing; Opening (Red),(Green)

A threshold value of 0.805 was used to show the boundary of the optic disc and cup which is important as it is very helpful for extraction of the areas of the optic disc and cup for the later part of the project.  As shown in Figure 12, the image before and after threshold operation.  Threshold operation will convert the 8 bit red and green image to binary images to obtain the optic disc and cup. 


 
[bookmark: _Toc259784072][bookmark: _Ref260486682]             Figure 12 Image after threshold – Optic Disc; Optic Cup
	
	Finally, erode and dilate operation was performed on the image so as to further smoothen the outer boundaries.
 
 
[bookmark: _Toc259784073][bookmark: _Ref260486728]                               Figure 13 Image after morphological operations – Erode (Red); Dilate (Red); Erode (Green);          
                               Dilate (Green)
	
The area of the optic disc and cup were evaluated by the counting of the number of white pixels in the region.  In order to get the ratio of the Cup to Disc ratio, the optic cup area is divided by the optic disc area.  Results of greater Cup to Disc ratio signify a glaucomatous eye and lower Cup to Disc ratio signify a normal eye.

Data were further compiled using a T-test calculator as to compare the date between both groups and at the same time gathered the P value for each feature.
	Features
	Normal Mean ±SD
	Glaucoma Mean ±SD
	P Value

	Cup to Disc Ratio
	0.343 ± 0.245
	0.503 ± 0.221
	0.0103



[bookmark: _Toc162064309][bookmark: _Ref260489245]Table 1 Cup to Disc P-value

[bookmark: _Ref259523207]Measuring the area of blood vessels
Images with patient diagnosed with glaucoma show that the blood vessels appear to be swollen and therefore measuring the area of the blood vessel present in the fundus image is one of the method used in this project to determine the normal and the glaucoma image.


[bookmark: _Ref259523215]Block diagram



[bookmark: _Toc259784074][bookmark: _Ref260486735]Figure 14 Block diagram of Blood Vessels


[bookmark: _Ref259523220]MATHLAB code

clc
clear all
close all
 
% Feature Extraction -- Blood Vessels
%================================================================= %
 
%Image Preprocessing
I = imread('image2.bmp');
I2 = imresize(I, [560 720]); 
Green = I2(:,:,2); % Extract Green Component
G2 = imcomplement(Green);
 
Ga=imadjust(G2); % Adjust intensity
G3 = adapthisteq(Ga); % Contrast enhancement
 
%================================================================== %
	 
% Structuring element 1
sel = [0 1 0;1 1 1;0 1 0];
Gc = imclose(G3,sel); % Morphological closing
Go = imopen(Gc,sel); % Morphological opening
 
% Structuring element 2
se = strel('disk',10); % Structuring element "disc" size 10
Ge = imerode(Go,se);
Gd = imdilate(Ge,se); % Morphological opening
G4 = Go - Gd; % Optic disk removed
 
%Thresholding
G5 = im2bw(G4, 0.10); 
G6 = bwareaopen(G5,130); % Remove small area
 
subplot(2,2,1.5),imshow(I2),title('Fundus Image')
subplot(2,2,3),imshow(G2),title('Complement Image')
subplot(2,2,4),imshow(G6),title('Blood Vessels')
 
%================================================================== %
 
% Counting of White Pixels to Calculate the Area of the Blood Vessels
aw=G6;
countwhite=0;
[row col]=size(G6);
for xx=1:row
    for yy=1:col
        if(G6(xx,yy)~=0)
            countwhite=countwhite+1;
        end
    end
end
Blood_Vessels=countwhite
 
%================================================================== %


[bookmark: _Ref259523229]Methodology
Results show that the blood vessel was more easily discriminated in the Green component as compared to the Blue and the Red component.  Moreover the blood vessels within the optic disc are more visible and easily distinguished, hence helping the area count of the blood vessel to be more precise.  

[bookmark: _Toc259784075][bookmark: _Ref260486740]             Figure 15 Original RGB Image

As shown on figure 16, various techniques were used to increase and enhance the intensity and the contrast of the images.

[bookmark: _Toc259784076][bookmark: _Ref260486746]            Figure 16  Image after preprocessing – Green component

Firstly, the green component of the image was extracted and processed.   After extracting and processed, the image’s intensity was reversed by the complementing it. This step will subtract each of the pixel value from the maximum pixel value.  The difference is used as the pixel value in the output image.  The images after doing the complement will enhance the image by lighter the dark area and darker the light area.  Figure 17 show an image after complementing the image.  


[bookmark: _Toc259784077][bookmark: _Ref260486760]             Figure 17 Complement image

Next, a disc-shaped structuring element of size 10 is implementing to the various morphological operation techniques.  This is done to remove unwanted bright spots present in the image.  It will also help to filled in the gaps and smoothen the outer edges of the image.  Figure 18 show image the gone through the morphological operation and the structured image. 


[bookmark: _Toc259784078][bookmark: _Ref260486788]Figure 18 Image after morphological operations – Closing; Opening; Erode; Dilate


[bookmark: _Toc259784079][bookmark: _Ref260486794]                        Figure 19 Subtracted Image

A threshold value of 0.10 is used to convert the 8-bits images to a binary format.  Command such as the “bwareopen’ is used to remove the small area of the blood vessels to eliminate the unwanted artifacts.  
Lastly, a looping programming is used to count the number of white pixels in that region.  

[bookmark: _Toc259784080][bookmark: _Ref260486799]             Figure 20 Image after threshold; Image after removal of small areas



These data were collected and the T-calculator was used to compare the data between both groups.  The P-value was also collected.  
	Features
	Normal Mean ±SD
	Glaucoma Mean ±SD
	P Value

	Blood Vessels
	29254.267 ± 10775.509
	35746.033 ± 11443.152
	0.0274



[bookmark: _Toc162064310][bookmark: _Ref260489251]Table 2 Blood Vessels P-value

[bookmark: _Ref259523235]Measuring the area of blood vessels in ISNT Quadrants
[bookmark: _Ref259523270]In the superior and the inferior region, most of the blood vessel are concentrated at the region which cause a slight increase in the area covered by blood vessel in that region.  However the area covered by the blood vessels in the nasal and the temporal region decrease.  Therefore by taking the ratio of the sum of blood vessels area in the inferior and superior region to area of blood vessels in the sum of the nasal and temporal region will show a different between a normal and glaucoma images.  A larger ISNT ratio shows a significance of a glaucomatous eye.  
Block diagram

[bookmark: _Toc259784081][bookmark: _Ref260486806]Figure 21  Block diagram of ISNT ratio
[bookmark: _Ref259523278]MATHLAB code   
clc
clear all
close all
 
% Feature Extraction -- ISNT Ratio
%================================================================== %
 
% Image Preprocessing
I = imread('image2.bmp');
I2 = imresize(I, [560 720]);
Green = I2(:,:,2);  % Extract Green Component
G2 = imcomplement(Green);
 
Ga=imadjust(G2); % Adjust intensity
G3 = adapthisteq(Ga); % Contrast enhancement
 
%================================================================== %
 
% Structuring element 1
sel = [0 1 0;1 1 1;0 1 0]; 
Gc = imclose(G3,sel); % Morphological closing
Go = imopen(Gc,sel); % Morphological opening
 
% Structuring element 2
se = strel('disk',10);  % Structuring element "disc" size 10
Ge = imerode(Go,se);
Gd = imdilate(Ge,se); % Morphological opening
G4 = Go - Gd; % Optic disk removed
 
%Thresholding
G5 = im2bw(G4, 0.10); 
G6 = bwareaopen(G5,130); % Remove small area
 
%================================================================== %
 
% Masking
x=[0 360 720];
y=[560 280 560];
bw1=poly2mask(x,y,560,720); % Inferior
x=[0 360 720];
y=[0 280 0];
bw2=poly2mask(x,y,560,720); % Superior
x=[360 720 720];
y=[280 0 560];
bw3=poly2mask(x,y,560,720); % Nasal
x=[0 360 0];
y=[0 280 560];
bw4=poly2mask(x,y,560,720);% Temporal
 
% Displaying Mask
subplot(2,2,1),imshow(bw1),title('Masking Inferior')
subplot(2,2,2),imshow(bw2),title('Masking Superior')
subplot(2,2,3),imshow(bw3),title('Masking Nasal')
subplot(2,2,4),imshow(bw4),title('Masking Temporal'),figure
 

% Overwrite Image
x=[15 360 705];
y=[545 280 545];
ibw1=~poly2mask(x,y,560,720);
ih1=imsubtract(G6,ibw1); % Inferior
x=[15 360 705];
y=[15 280 15];
ibw2=~poly2mask(x,y,560,720);
ih2=imsubtract(G6,ibw2); % Superior
x=[360 705 705];
y=[280 15 545];
ibw3=~poly2mask(x,y,560,720);
ih3=imsubtract(G6,ibw3); % Nasal
x=[15 360 15];
y=[15 280 545];
ibw4=~poly2mask(x,y,560,720);
ih4=imsubtract(G6,ibw4); % Temporal
 
% Displaying the final images
subplot(2,2,1),imshow(ih1),title('Inferior')
subplot(2,2,2),imshow(ih2),title('Superior')
subplot(2,2,3),imshow(ih3),title('Nasal')
subplot(2,2,4),imshow(ih4),title('Temporal')
 
%================================================================== %
 
% Counting of White Pixels to Calculate the Area of the Blood Vessels
% Inferior
i = ih1;
countwhite=0;
[row col] = size(i);
for xx = 1:row
    for yy = 1:col
        if(i(xx,yy) ~=0)
            countwhite = countwhite + 1;
        end
    end
end
Inferior = countwhite;
 
% Superior
s = ih2;
countwhite=0;
[row col] = size(s);
for xx = 1:row
    for yy = 1:col
        if(s(xx,yy) ~=0)
            countwhite = countwhite + 1;
        end
    end
end
Superior = countwhite;
 







% Nasal
n = ih3;
countwhite=0;
[row col] = size(n);
for xx = 1:row
    for yy = 1:col
        if(n(xx,yy) ~=0)
            countwhite = countwhite + 1;
        end
    end
end
Nasal = countwhite;
 
% Temporal
t = ih4;
countwhite=0;
[row col] = size(t);
for xx = 1:row
    for yy = 1:col
        if(t(xx,yy) ~=0)
            countwhite = countwhite + 1;
        end
    end
end
Temporal = countwhite;
 
% ISNT Ratio
I_S = imadd(Inferior,Superior)
N_T = imadd(Nasal,Temporal)
ISNT_Ratio = imdivide(I_S,N_T)
 
%================================================================== %










[bookmark: _Ref259523283]Methodology
The Results show that the blood vessels within the optic disc are more visible and easily distinguished in the Green Component as compared to the Red and Blue component. 
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[bookmark: _Toc259784082][bookmark: _Ref260486818]             Figure 22 Original RGB Image; ISNT Section
			
As shown on figure 23, various techniques were used to increase and enhance the contrast of the images.
			

[bookmark: _Toc259784083][bookmark: _Ref260486823]Figure 23 Image after preprocessing – Green Component

Firstly, the green component of the image was extracted and processed.   After extracting and processed, the image’s intensity was reversed by the complementing it. This step will subtract each of the pixel value from the maximum pixel value.  The difference is used as the pixel value in the output image.  The images after doing the complement will enhance the image by lighter the dark area and darker the light area.  Figure 24 show an image after complementing the image.  


[bookmark: _Toc259784084][bookmark: _Ref260486828]             Figure 24  Complement image
Next, a disc-shaped structuring element of size 10 is implementing to the various morphological operation techniques.  This is done to remove unwanted bright spots present in the image.  It will also help to filled in the gaps and smoothen the outer edges of the image.  Figure 25 show image the gone through the morphological operation and the structured image.
[image: ] [image: ]
[image: ] 
[bookmark: _Toc259784085][bookmark: _Ref260486833]                              Figure 25 Image after morphological operations – Closing; Opening; Erode; Dilate


[bookmark: _Toc259784086][bookmark: _Ref260486844]                      Figure 26 Subtracted Image



A threshold value of 0.10 is used to convert the 8-bits images to a binary format.  Command such as the “bwareopen’ is used to remove the small area of the blood vessels to eliminate the unwanted artifacts.  
Lastly, a looping programming is used to count the number of white pixels in that region.  

                    
     


       

[bookmark: _Toc259784087][bookmark: _Ref260488130] Figure 27 Image after threshold; Image after removal of small areas

A mask of size 720 x 560 is created to identify the inferior, superior, nasal and temporal regions.  Having the same dimensions with relevance to the original image, the mask fits perfectly into the original image. 
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[bookmark: _Toc259784088][bookmark: _Ref260488143]             Figure 28   ISNT Regions

 
                                (a)	     (b)
 
                                (c)                                                    (d)
[bookmark: _Toc259784089][bookmark: _Ref260488150]             Figure 29 Inferior Mask; Superior Mask; Nasal Mask; Temporal Mask

The next step, the mask was overwriting into the segmented images of the blood vessels so as to display the INST regions of the blood vessels.  

[image: ] 
                                (a)	     (b)
[image: ] [image: ]
(d)
[bookmark: _Toc259784090][bookmark: _Ref260489002]             Figure 30 Inferior Region; Superior Region; Nasal Region; Temporal Region

The area of the blood vessels was evaluated by the counting of the white pixel in the region.  In order to get the ISNT ratio, the sum of the area of the inferior and the superior regions is divided by the sum of the area of the nasal and the temporal region.  If images with greater ISNT ratio signify a glaucomatous eye whereas image with lower ISNT ratio signify a normal eye.
The data was subjected to a T-Test calculator as to compare the data between the both groups.  At the same time, the P-value is gathered at for each feature.
	Features
	Normal Mean  ± SD
	Glaucoma Mean  ± SD
	P Value

	ISNT Ratio
	1.024 ± 0.020
	1.037 ± 0.021
	0.0206


[bookmark: _Toc162064311][bookmark: _Ref260489270]Table 3 ISNT P-value


	Features
	Normal Mean ±SD
	Glaucoma Mean ±SD
	P Value

	Cup to Disc Ratio
	0.343 ± 0.245
	0.503 ± 0.221
	0.0103

	Blood Vessels
	29254.267 ± 10775.509
	35746.033 ± 11443.152
	0.0274

	ISNT Ratio
	1.024±0.020
	1.037±0.021
	0.0206


[bookmark: _Toc162064312][bookmark: _Ref260489314]Table 4 Summarized P-value table for each feature



Chapter 6: Texture Identification
			        

Image texture is defined as a function of spatial variation in pixel intensities (gray value).  It is very useful in a variety of applications and it has been a subject of intense study by many researchers.

[bookmark: _Ref259523295]Entropy
Entropy is a measure of the disorder or randomness in a closed system.  It is used to characterize the texture of an image.


[bookmark: _Toc162064332][bookmark: _Toc162064633][bookmark: _Ref259710139][bookmark: _Ref259710241][bookmark: _Ref260489159]Equation 1 Entropy Equation


	
	Normal Mean ± SD
	Glaucoma Mean ± SD
	P Value

	Entropy
	6.4729
± 0.678740832
	6.4228
± 0.471558914
	0.7407


[bookmark: _Toc162064313][bookmark: _Ref260489324]Table 5 Entropy P-value


ENTROPY CODE
clc
clear all
close all
 
% Note that z = Original RGB Image
%           y = Original Grayscale Image
%           x = Doubled Grayscale Image
 
for x = 1:60
    
a=['image' num2str(x) '.bmp']
 
read_normal=imread(a);
resize_n=imresize(read_normal,[560 720]);      
E_Normal = entropy(resize_n)
 
end
 


[bookmark: _Ref259523301]Grey co-occurrence matrix(GLCM)
Gray Level Co-occurrence Matrix (GLCM) is another function for texture analysis.  It is created by calculating how often a pixel with gray level value i occurs in a specific spatial relationship to a pixel with the value j.  Each element (i,j) specifics the number of times that the pixel with value i occurred horizontally adjacent to a pixel with the values j  in the input image. The number of gray levels in the image determines the size of the GLCM.
[image: ]
[bookmark: _Toc259784091][bookmark: _Ref260489008]             Figure 31: GLCM



[bookmark: _Ref259523308]Homogeneity
Homogeneity is the measurement of the closeness of the distribution of the elements in the GLCM to the GLCM diagonal.  Homogeneity value of 1 show that the image with one color.  The homogeneity value of the output image is between 1 and 0.  
		Homogeneity is defined as:

                                      
[bookmark: _Toc162064333][bookmark: _Toc162064634][bookmark: _Ref259710264][bookmark: _Ref260489166]Equation 2 Homengenity Equation


	
	Normal Mean ± SD
	Glaucoma Mean ± SD
	P Value

	Homogeneity
	0.978793333
± 0.019323078
	0.991023333
± 0.011843627
	0.0045


[bookmark: _Toc162064314][bookmark: _Ref260489331]Table 6 Homogeneity P-value

HOMOGENEITY CODE
clc
clear all
close all
 
% Note that z = Original RGB Image
%           y = Original Grayscale Image
%           x = Doubled Grayscale Image
 
for x = 1:60
 
a=['image' num2str(x) '.bmp']
 
z=imread(a);
r=imresize(z,[560 720]);      
y=rgb2gray(r);
x=double(y);
glcm=graycomatrix(x);
stats_Normal=graycoprops(glcm, 'homogeneity')
 
end
 



[bookmark: _Ref259523313]Contrast
Contrast is the measurement of the local variation in the GLCM.

	
	Normal Mean ± SD
	Glaucoma Mean ± SD
	P Value

	Contrast
	1.187506036
± 1.081936338
	0.502426667
± 0.663296913
	0.0045


[bookmark: _Toc162064315][bookmark: _Ref260489338]Table 7 Contrast P-value


CONTRAST CODE
clc
clear all
close all
 
% Note that z = Original RGB Image
%           y = Original Grayscale Image
%           x = Doubled Grayscale Image
 
for x = 1:60
 
a=['image' num2str(x) '.bmp']
 
z=imread(a);
r=imresize(z,[560 720]);      
y=rgb2gray(r);
x=double(y);
glcm=graycomatrix(x);
stats_Normal=graycoprops(glcm, 'contrast')
 
end



[bookmark: _Ref259523318]Correlation
Correlation is the measurement of the joint probability occurrence of the specified pixel pairs.

	
	Normal Mean ± SD
	Glaucoma Mean ± SD
	P Value

	Correlation
	0.594804927
± 0.360935346
	0.673486667
± 0.049714764
	0.2418


[bookmark: _Toc162064316][bookmark: _Ref260489342]Table 8 Correlation P-value


CORRELATION CODE
clc
clear all
close all
 
% Note that z = Original RGB Image
%           y = Original Grayscale Image
%           x = Doubled Grayscale Image
 
for x = 1:60
 
a=['image' num2str(x) '.bmp']
 
z=imread(a);
r=imresize(z,[560 720]);      
y=rgb2gray(r);
x=double(y);
glcm=graycomatrix(x);
stats_Normal=graycoprops(glcm, 'correlation')
 
end
 
 






[bookmark: _Ref259523323]Energy
Energy is known as uniformity or angular second moment; it provides the sum of squared elements in the GLCM.

	
	Normal Mean ± SD
	Glaucoma Mean ± SD
	P Value

	Energy
	0.85919
±0.094722733
	0.9528
± 0.069837743
	0.0001


[bookmark: _Toc162064317][bookmark: _Ref260489348]Table 9 Energy P-value


ENERGY CODE
clc
clear all
close all
 
% Note that z = Original RGB Image
%           y = Original Grayscale Image
%           x = Doubled Grayscale Image
 
for x = 1:60
 
a=['image' num2str(x) '.bmp']
 
z=imread(a);
r=imresize(z,[560 720]);      
y=rgb2gray(r);
x=double(y);
glcm=graycomatrix(x);
stats_Normal=graycoprops(glcm, 'energy')
 
end
 
 








Chapter 7: Classification
			        

[bookmark: _Ref259523340]Gaussian Mixture Model (GMM)



Gaussian Mixture Model (GMM) belongs to the class of pattern recognition systems.  A GGM is a parametric model used to estimate a continuous probability density function from a set of multi-dimensional feature observation.  GMM is widely used in data mining, pattern recognition, machine learning and statistical analysis. The Gaussian mixture model is described by mixture component weights, means  and co-variances. For a single observation, x, the probability density of given a GMM described by λ is defined as:


[bookmark: _Ref259714660][bookmark: _Toc162064334][bookmark: _Toc162064635]Equation 3 GMM (7.1)

                     The probability density of a single Gaussian component of D dimensions is  
                     termed as:


[bookmark: _Ref259714666][bookmark: _Toc162064335][bookmark: _Toc162064636]Equation 4 GMM (7.2)


The vector or matrix transpose is represented by ('). The solution for determining the parameters of the GMM is by the Maximum Likelihood (ML) parameter estimation criterion. The joint likelihood of T independent and identically distributed feature vector observations,, may be specified according to Equation 5.


[bookmark: _Ref259714673]       Equation 5 GMM (7.3)

This may conveniently be represented in log form as shown in


[bookmark: _Ref259714679]       Equation 6 GMM (7.4)

In terms of the mixture component densities, the log-likelihood function to be maximised is defined as:


[bookmark: _Ref259714686]       Equation 7 GMM (7.5)




The model parameters are estimated such that they maximise the likelihood of the observations. A method for maximising the log-likehood of the observations is by the general form of the Expectation-Maximization (E-M) algorithm. The E-M algorithm, given the parameters of an initial estimate will determine new estimates of the parameters, such that.


[bookmark: _Ref259523349]Advantages
GMM has the ability to form smooth approximations for any arbitrarily –shaped densities.  As the actual data has a mutli-model distribution, GMM thus provides a useful tool to model the characteristics of the data.  
 GMM also has the possibility of employing diagonal covariance matrix instead of full matrix.  Therefore he amount of computational time and complexity is reduced significantly.  


[bookmark: _Ref259523355]Results of GMM
The three extracted features are fed into GMM inputs in order to distinguish the two different classes.  Of the 60 data, 70% of it was used for training and the remaining 30% was used for testing respectively.  The Result is shown in figure 32.

[bookmark: _Toc259784092][bookmark: _Ref260489014]             Figure 32 GMM Classification Results
	Classifier 
	TN 
	TP 
	FP 
	FN 
	Sensitivity 
	Specificity 
	Positive Predictive Accuracy 

	GMM 
	8 
	7 
	1 
	2 
	77.78% 
	88.89% 
	87.50% 



    
Sensitivity refers to the percentage of abnormal fundus image classified as abnormal
Specificity refers to the percentage of normal fundus image classify as normal
[bookmark: _Toc162064318]
[bookmark: _Ref260489353]Table 10 Data set and classification results


 			
[bookmark: _Toc162064640]Equation 6 Sensitivity Equation


			
[bookmark: _Toc162064641]Equation 7 Specificity Equation


[bookmark: _Toc162064341]Positive Predictive Accuracy  	
[bookmark: _Toc162064642]Equation 8 PPA Equation
Whereby,
TN = Normal as Normal
TP = Disease as Disease
FP = Normal as Disease
FN = Disease as Normal

[bookmark: _Toc259784093][bookmark: _Ref260489020]Figure 33 Graph of Data that are correctly classified

	Type of Image
	Number of Data Sets Used for Training
	Number of Data Sets Used for Testing
	Correctly Classified Test Data
	Percentage Correctly Classified (%)

	Normal 
	21
	9
	8
	88.89

	Glaucoma
	21
	9
	7
	77.78

	Average
	 
	83.33


   
[bookmark: _Toc162064319][bookmark: _Ref260489358]Table 11 Data set that are correctly classified

Chapter 8: Graphic User Interface
			        

[bookmark: _Ref259523366]Graphic User Interface
A graphical user interface (GUI) is a graphical display in one or more windows containing control, called components.  It enables a user to perform interactive tasks without a script or type command line.  GUI components can includes menus, toolbars, push buttons, radio buttons, list boxes and sliders.  It is created using MATHLAB tools and it is able to perform any types of computation, read and write data files, communicate with other GUIs, and display data as tables or as plots.

[bookmark: _Ref260038430][bookmark: _Ref260038437]Figure 34 GUI
Creating a GUI using MATHLAB’s Graphical User interface Development Environment.   (GUIDE) is divided into two relatively managed and independents tasks, namely:
GUI component layout
GUI programming
In this GUI component layout, the GUIDE enable user to layout the GUI as requested.  User is able to click and drag the components from the palette to the layout area.  The component are also able to be resize, aligned, set tab order etc by using other tools that are accessible from the Layout Editor.  After the layout has been done, the GUI layout will be saved and an M-File (Matlab) file is generated which will helps to control how the GUI works.  This M-file will generate code that initialize the GUI when launched and contains a framework for the GUI callbacks.  By adding codes to the callbacks function using the M-file editor enable the GUI performs intended operation. 
A GUI was created and design for this project.  It comprises of input images, output feature extraction data.


[bookmark: _Ref260037298]Figure 35 Our GUI (8.1)

[bookmark: _Ref260037336][bookmark: _Ref260037328]Figure 36 GUI (8.2) (Choosing the image)
Firstly, the user will be able to select the patient’s fundus image.  



[bookmark: _Ref260037362][bookmark: _Ref260037346]Figure 37 GUI (8.3)
The interface will display 
The eight images showing the original image, optic disc, optic cup, blood vessels, inferior, superior, nasal and the temporal.
The file name
File Directory
Patient data
Diagnose push button

 (
Diagnosis Push Button
)
[bookmark: _Ref260037367][bookmark: _Ref260037351]Figure 38 GUI (8.4)
By clicking the Diagnosis push button, the user will be able to classify the image to Normal or Glaucoma.


Chapter 9: Discussion
			        

[bookmark: _Ref259707813]Discussion
In this project, the results shown (using the t-test) that are features are clinically significant to detect the disease.  The result of the 3 different features that is extracted using the image processing had shown a high percentage of correct classification.  However, there is several more method used to improve the accuracy of the result.  This includes:
Improve the accuracy of classification by using more parameters, for example: texture of the images
Increasing the number of training and testing images
P-value of the extracted features can be further enhanced by retrieving more diverse and good resolution fundus images.
Although there is still room of improvement to this project but on the whole the project did achieved it aims of automating diagnosis of glaucoma using fundus images.

Chapter 10: Conclusion and Recommendations for future work
		
[bookmark: _Ref259707821][bookmark: _Ref260484238]Conclusion and recommendations for future work
Glaucoma is an eye disease of the optic nerve due to the increase in the intraocular pressure of the eye.   40 % of blindness in Singapore is caused by glaucoma.  In this project, a novel method and program for the automatic diagnosis of glaucomatous abnormal eye through fundus images is developed using processing techniques and classifier Gaussian Mixture Model.  However the project does not yield results of 100% accuracy.  The system proposed in this project is able to identify and classify the presence of glaucoma to an accuracy of approximately 83%.  Moreover a graphic user interface (GUI) was created to display the result, which can also be used as an adjunct tool for physician or nurse for their diagnosing and patient data.  
Despite the success of this project, more work still need to be done on
Higher resolution of fundus image may be used for future work to increase the level of accuracy to the result.  
Other diseases could also incorporate into this project in order to complete the whole glaucoma diagnosis.  


Chapter 11: Reflection
	
[bookmark: _Ref260377297]Reflections

At the start of the project, I am worried that my pregnancy will affect my project.  Dr Raj, my project supervisor has been very patient, helpful and understanding of my situation.  He has helped me a lot in this project and he has given me the confidence that I will be able to complete this project.  I start to do my literature reading regarding fundus image on glaucoma.  The literature help aided me well for my Project proposal.  The main problem I faced will be on MATLAB, I have little knowledge on it and to understand and be able to write the program is never an easy job.  I took a lot of time practicing matlab and most of the time I facing error and problem generating results. During November I have to cope with my new born baby and at the same time to work on my project.  I could say that at that period, I feeling stress and depression. But encouragement from my family and Dr Raj had helped me to press on.  I am really grateful for all the help and encouragement.  
Generating 60 fundus images for the cup size, ISNT Ratio and blood vessel was very time consuming but this effort has contributed a lot in my results. I am able to get good result and I am able to further progress in my project.  At the end December, I managed to keep on the path, I have finished generating all my images and result was quite accuracy.  To enhance better presentation of my results, Dr Raj advice me to create a GUI Graphical User interface.  Once again, I fall into another MATHLAB programming.  It took me some time to understand the code and with further help from Dr Raj, I able to create a simple GUI.
Overall, I am very satisfied with all my work and effort that I put in this project.
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