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ABSTRACT  

Image searching is an essential feature of many software applications.  Histograms can be used to 

represent the pixel color intensities of images.  Measuring the similarities between images by 

comparing the histograms can be performed through the use of information-theoretic measures, 

such as the Kullback-Leibler divergence and cross-entropy.  In this project, a query image is selected 

from a collection of images and it is compared to the other images to determine which image is 

most similar to the query image.  This process is carried out by creating histograms of each image, 

and then using measures such as the Kullback-Leibler divergence and cross-entropy to compare the 

histograms.  The .NET functional language, F#, is used in the implementation of this project.  The 

C# language, another .NET language, was also used for coding the graphical user interface. 
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CHAPTER 1 
 

INTRODUCTION 
 
 
The functions that are used in digital image processing software can be applied using many 

programming languages such as C#, which is an object-oriented language that is integrated with 

Microsoft’s .NET framework.  A benefit of utilizing C# within Microsoft’s Visual Studio Integrated 

Development Environment (IDE) is that the programmer can create the graphical user interface by 

adding components, such as buttons and textboxes, to a form using the IDE’s drag-and-drop 

feature, which simplifies the design process by eliminating the need to specify the numerical 

coordinates of each component in order to position it on a form. 

 A negative aspect of object-oriented programming languages such as C#, C++, and Java is 

that the code is verbose.  Verbose code is less readable and more difficult to understand.  For 

instance, it may be necessary to use a loop to apply a function to an item in a list or an array in order 

to change its value.  When using many of these loops throughout a program, the amount of code 

can increase substantially, making it difficult for one to follow what the code is actually 

accomplishing. 

 Functional programming languages such as F# somewhat resolve the verbosity issue.  In the 

F# language, which is also integrated into Microsoft’s .NET framework, indentation is utilized in the 

syntax to specify the start and end of a code block, which eliminates the need to use keywords for 

this purpose.  In addition, F# uses recursion to repetitiously carry out a task instead of using loops.  

These features of the language decrease the number of lines of code that are used in a program, 

making F# an ideal language to use when manipulating data stored in lists, arrays, or matrices.  

Therefore F# is suitable to handle numerous image processing tasks, even though the programmer 

must achieve a certain level of knowledge in order to employ F#.  For this project, a graphical user 

interface is created and portions of code provided by F. De Vittori [8] are used. 
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CHAPTER 2 
 

BACKGROUND 
 
 
This chapter contains background information regarding the technologies and important concepts 

employed in this project. 

 
2.1  Imaging Technologies 
 
Imaging technology is an integral part of the science and medical fields, as well as the media and 

security industries.  The technology used to generate images has evolved tremendously from the 

nineteenth century to the present.  One early technique involved the application of chemical 

substances containing elements of silver to glass surfaces which was then exposed to light for a 

certain amount of time [18].  This process was time consuming due to the need for long exposure 

times and was eventually replaced by film technology [18].  The use of film became popular because 

of its durability and low cost in comparison to earlier imaging processes [18].  Black-and-white 

photography was predominant in use for many decades, with color photography ultimately gaining 

in popularity. 

 Digital imaging technology is now quickly surpassing film technology in terms of usage.  

Advancements in the equipment and software used for digital imaging have made processing images 

in this form easier, less expensive, and less time consuming.  It is more convenient for the consumer 

to capture and process images themselves using a digital camera, computer, or cell phone, because it 

doesn’t require much in equipment or supplies, or the need to have the images processed by a 

professional, unlike the images that are captured on film using an SLR (Single Lens Reflex) camera.  

Also, with the growing impact of social media in our society today, digital images are useful because 

they are simpler to upload and share on websites, such as Facebook, Pinterest, and Tumblr. 
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   In the field of medicine, digital imaging technology is beneficial in diagnosing and treating 

patients with illnesses.  For instance, laparoscopic surgery is a procedure in which a camera that is 

attached to the end of a laparoscope is inserted inside of the body which allows the surgeon to view 

the surrounding area for examination or to perform surgery [2].  The use of a laparoscope benefits 

patients because the incisions are smaller than in traditional surgery, which results in less physical 

trauma and a faster recovery [2].  Another medical procedure, called capsule endoscopy, which 

utilizes digital imaging technology, involves the use of a capsule that is equipped with a small digital 

camera, which is swallowed and then captures pictures of the digestive system [2].   

 Another field in which digital imaging technology has had a major impact on is the security 

industry.  As our society becomes more safety conscious, advances in security technology are needed 

to keep up with the demand for better ways to protect individuals and property.  Law enforcement 

agencies utilize digital imaging when obtaining and analyzing fingerprints and storing the 

information in databases.  Airports use image detection systems to screen individuals for items that 

are not permitted on airplanes such as weapons.  Surveillance cameras are used to protect homes 

and businesses, and to monitor activities on public streets. 

Processing images from film can be time consuming and costly.  SLR cameras use film and 

in order to process the images, such as those in black-and-white, the film has to first be developed 

using a chemical process, which produces negative images on the film.  Then, by placing the 

developed film, or negatives, in an enlarger, which is photographic equipment, the images are 

projected down onto light-sensitive photography paper, and the image is exposed to the paper 

ranging from a few seconds to a couple of minutes, depending on the effect the photographer is 

trying to achieve.  Next, the paper is processed using a chemical process (developer, stop bath, and 

fixer) to achieve the final image. 
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Processing digital images involves the use of computer algorithms, which is useful because 

the algorithms can reduce or eliminate distortions in the image [9].  In addition, processing images in 

this format takes less time and is more cost effective than processing images on film [9].  A digital 

image is made up of small grid-like dots called pixels [27].  The resolution of an image is represented 

by the total amount of pixels in the image [26], and can be written as the total pixel width by the 

total pixel height (i.e. 250 x 400) [19], and the units of measure are dots-per-inch or dpi [26]. 

Each pixel in a digital image contains one or more bits which represent the color value of the 

pixel, and also, the total amount of bits per pixel signifies the bit depth [26].  For example, a 

monochrome image where each pixel contains one bit is referred to as a 1-bit image, where the bit 

depth is 1[26].  The pixel consists of one of two colors, black or white, in which the bit with a 0 

value represents black, and the bit with a value of 1 represents white [26].   

In general, the bit depth of images in color can span from 8 to 24 bits, or more, per pixel 

[26].  The higher the number of bits per pixel that are present in the image, the more refined the 

image appears.  Color images consist of different groupings of the primary colors, red, green, and 

blue, where each color is assigned to a separate color channel [4].  For an 8-bit color image, 3 bits 

each are allocated to the red and green channels, with the remaining 2 bits designated to the blue 

channel [12].  There are 256 different colors in existence for a pixel in an 8-bit image, and there are 

over 16 million colors for a pixel in a 24-bit image [26]. 

 
2.2  Histograms for Images and Information-Theoretic Measures 
 
Pixels can be used by software applications to examine and manipulate the content in an image.  The 

allocation of pixels in an image presents some degree of information concerning the content of the 

image.  A histogram is a graphical depiction of the occurrence of a pixel’s value in a set of data that 

is grouped into intervals, or bins, according to each pixel’s value.  Histograms provide a way to 

observe how pixel data is dispersed in images.  In this project, an image is converted to 8 bits, and a 
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histogram is created using the image’s pixel values.  The histogram is used to build a probability 

distribution, which represents the potential values of a pixel, and the probability of the occurrence of 

those values.  Since the image has been converted to 8 bits by combining the color channels [see 

chapter 3], the color value of each pixel will range from 0 to 255.  For this project, the total count 

for every pixel value between 0 and 255 is used.  A count of zero is applied to the pixel values that 

are not used in an image.  This tactic may not be the ideal method, but it appears to perform 

sufficiently in this project. 

 The field of information theory provides numerous measures for comparing probability 

distributions, such as the Kullback–Leibler divergence and cross-entropy.  The Kullback–Leibler 

(KL) divergence evaluates the difference among two probability distributions [20], such as p and q, 

where p = (p1, p2, …, pn) and q = (q1, q2, …, qn) [23] on the set of n, where 

  DKL (p || q) = ∑  𝒑(𝒊) 𝒍𝒐𝒈
𝒑(𝒊)

𝒒(𝒊)
𝒏
𝒊=𝟏    [20]. 

When p(i) = 0, then the i-th term is evaluated as zero since 𝐥𝐢𝐦𝒙→𝟎  𝒙 𝐥𝐨𝐠 (𝒙) = 𝟎 [20]. 

The KL divergence contains properties such as 

 DKL (p || q) ≥ 0, which is non-negative [20], and 

 DKL (p || q) ≠ DKL (q || p), which is non-symmetric [20]. 

When p = q, then DKL (p || q) = 0, which means that the probability distributions of p and q are  

equal [20].  Since the KL divergence is not symmetric, and it doesn’t satisfy the triangle inequality, it 

isn’t an actual “distance metric” [20], however, the value of DKL (p || q) can be used as a tool to 

measure the difference between the two probability distributions because the smaller the value of 

DKL (p || q), then the more similar p and q are to one another, and as the value of DKL (p || q) 

increases, then the more different p and q are [8]. 
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 Another useful information-theoretic measurement tool that can be used to compare the 

similarity between two probability distributions, p and q, on a set is called cross entropy, and is 

denoted as the following: 

   H (p, q) = − ∑  𝒑(𝒊) 𝒍𝒐𝒈 𝒒(𝒊) 𝒏
𝒊=𝟏  [6]. 

The cross entropy between p and q can also be expressed as the following: 

   H (p, q) = H (p) + DKL (p || q) [6]. 

The entropy of p, denoted as, H (p), can also be described as 

   H (p) = ∑  𝒑(𝒊) 𝒍𝒐𝒈 𝒑(𝒊) 𝒏
𝒊=𝟏 [20]. 

As the value of the cross entropy, H (p, q), approximates the value of H (p), the more similar  

q is to p [7].  Since the KL divergence, DKL (p || q), is zero when p = q [20], then the cross 

entropy, H (p, q), will be equal to the entropy of p, H (p) [6].  The cross entropy of two probability 

distributions includes the following properties: 

 H (p, q)  ≥ 0, which is non-negative [28], and 

 H (p, q) = 0, when p = q [28]. 

Since the cross entropy is non-symmetric, and it doesn’t satisfy the triangle inequality [10], it isn’t an 

actual “distance metric”, however, like the KL divergence, it can be used to measure the similarity 

between two probability distributions. 

 The Euclidean distance, contains properties that satisfy the requirements of a distance 

metric.  The Euclidean distance between p and q, where p = (p1, p2, …, pn) and q = (q1, q2, …, qn) 

[13], is denoted by the following: 

   D (p, q) = √∑  [𝒑(𝒊) − 𝒒(𝒊)]𝒏
𝒊=𝟏

𝟐
 [13]. 

The properties of this distance metric include the following: 

 D (p, q) ≥ 0, (non-negative) and D(p, q) = 0, if and only if p = q [29], 
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 D (p, q) = D(q, p), (symmetric) [29], and 

 D (p, q)  D(p, r) + D(r, q), (triangle inequality) [29]. 

Some sources have implied that the use of the Euclidean distance for image searching and retrieval 

can result in inaccuracies because adjacent bins in color histograms are ignored [30].  Even though 

the KL divergence and cross entropy measures do not satisfy distance metric properties, many have 

found both of these measures to be a suitable alternative for actual distance metrics. 

 
2.3  Functional Programming and F# 
 
Functional programming concepts have been incorporated into a number of today’s programming 

languages, such as Java and C#.  However, F# was designed to mainly be a functional language, 

where the programming style of the language consists of defining and evaluating functions, which is 

based on lambda calculus [17].  Also, the code used in functional programming is less verbose, in 

comparison to object-oriented languages such as Java and C#.  

 In functional programming, three types of functions that are essential in this programming 

style are map, filter, and reduce.  For instance, the map function is used to apply a function to a 

collection of elements in a data structure such as a list or tree [22].  The filter function involves 

applying a Boolean function to each element in a data structure, such as a list, where the elements 

are returned in the result if they each meet the conditions of the Boolean function [14].  The reduce 

function is applied to a data structure, such as a list, where the elements of the list are combined two 

at a time, to create a single value, which is repeated until all of the elements in the list have been 

used, and a single value is the final result [5].    

 F# is one of the more beneficial functional programming languages to use because it 

operates on the common language runtime environment, and supports the features in the .NET 

framework.  For example, the .NET libraries can be utilized in F#, and the libraries written in F# 
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can be used in other .NET languages, such as C#, which is an important aspect of this project that is 

further illustrated in Chapter 3.  When the F# project is compiled, its modules are easily translated 

into .NET classes, without additional coding from the programmer, and can be used by other .NET 

languages. 

 
2.4  .NET Media and Other .NET Libraries 
 
A feature that is utilized in this project is the support that is provided in the .NET framework for 

the handling of multimedia data, eliminating the need to repeatedly write massive amounts of code 

to incorporate controls, such as buttons and textboxes, into a project, or to perform other common 

programming tasks.  For instance, graphical user interface components, such as labels and picture 

boxes were added to a form using the drag-and-drop feature in the .NET environment.  When this 

feature is used, code is automatically generated behind the scenes for each component as it is added 

to the form, removing the necessity for the programmer to write additional code to add an object to 

a user interface, which is done in object-oriented languages, such as Java.  In this project, the picture 

boxes that were added to the form act as containers to display query images, and those images that 

result from similarity searches. 

 There are various libraries available for use in the .NET environment such as Bootstrap CSS 

and iTextSharp.  Bootstrap CSS, which utilizes cascading style sheets, JavaScript, and HTML, 

enables developers to create responsive websites based on the type of device that is being used and 

the screen size.  As a result, the content on a web page is automatically resized and its layout is 

adjusted so that it is easier to view the content.  The iTextSharp library, which was developed in the 

C# language, is used to generate PDFs from .NET applications.  The PDFs that are created can be 

viewed using compatible software applications such as Adobe Reader.  These .NET libraries can be 

downloaded and added to Visual Studio projects using the NuGet Package Manager tool.  For the 

purpose of this project, the .NET libraries that are already included in Visual Studio are used. 
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CHAPTER 3 
 

SOLUTION DESIGN 
 
 

The Visual Studio solution that is described in this paper consists of two projects, one written in the 

C# language, and the other written in F#.   It was necessary to write the solution in this manner 

because C# provides the necessary tools to create graphical user interfaces, while F# currently does 

not.  However, the F# language allows the programmer to write code that is less verbose for 

processing image files. 

 
3.1  The C# Project 
 
The C# project in this Visual Studio solution involves two main objectives, creating a graphical user 

interface and constructing event handlers for a number of controls on the user interface. 

 
3.1.1 The Graphical User Interface 
 
The graphical user interface is illustrated below in Figure 1.  To use the application, a user selects a 

query image from the dialog box of the graphical user interface (See Figure 2.), then the selected 

image is placed in the left side of the window (See Figure 3. and Figure 5.).  After the “Search” 

button is clicked, the file name and location of the query image is sent to the F# side of the 

application for image processing.  Histograms are then created of the query image and of the 

collection of images in the database folder.  The histogram of the query image is then compared to 

each of the histograms of the database images.  When the comparison process is completed, the 

string value for the name and location of the database image that is most similar to the query image 

is returned to the C# side of the application, and the matching image is displayed in the right side of 

the user interface window (See Figure 4. and Figure 6.).  In addition, the amount of time that was 

needed to process the image searching task, as well as to display the matching image, is shown in the 

upper right side of the graphical user interface. 
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Figure 1.  Main graphical user interface 

 

 

Figure 2.  Dialog box for selecting the query image 
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Figure 3.  An example of a query image 

 

 

Figure 4.  An example of a best match image 
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Figure 5.  Another example of a query image 

 

 

Figure 6.  Another example of a best match image 
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3.1.2 Event Handlers 
 
The Visual Studio IDE, along with the .NET framework, provides a basic approach for connecting 

event handlers to form controls and components, such as buttons or a file dialog box, by 

automatically generating the code for the controls and components as they are added to a form.  For 

instance, in the C# project, the following line of generated code represents an event handler for the 

click event of the selectButton control: 

 this.selectButton.Click += new System.EventHandler(this.selectButton_Click); 

When the selectButton control is clicked, a file dialog box appears that allows a user to select an 

image from a collection, which will be used as the query image.  The selectButton_Click function, 

which is initially generated as an empty function when the selectButton control is clicked in the 

Windows Form Designer, is represented by the following code:   

         private void selectButton_Click(object sender, EventArgs e) 
         { 
                 if (openFileDialog1.ShowDialog() == DialogResult.OK) 
                { 
                     pictureBox1.Image = null; 
                     pictureBox2.Image = null; 
                     processTimeLabel.Text = null; 
                     displayTimeLabel.Text = null; 
                     imageFoundLabel.Text = null; 
                     pictureBox1.Load(openFileDialog1.FileName); 
                     imageFile = openFileDialog1.InitialDirectory + openFileDialog1.FileName;  
                } 
         } 

A conditional statement was added to the function where if it evaluates to true, then the properties 

of various controls are set to null.  Also, the picture box control is loaded with the selected image, 

and the imageFile variable is set to the path and name of the selected image. 

 When the searchButton_Click function is called, the process of searching for a match to the 

query image begins.  A call is made to the main function in the F# project, which receives the query 
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image.  Once the matching image has been found, the image’s name and location are returned to the 

resultImgString variable in the C# project, as shown below: 

         private void searchButton_Click(object sender, EventArgs e) 
         { 
                 imageFoundLabel.Text = "Searching for Image..."; 
                 imageFoundLabel.ForeColor = System.Drawing.Color.Red; 
                 Stopwatch stopWatch = new Stopwatch(); 
                 stopWatch.Start(); 
                 resultImgString = ImageProcessorLibrary.ImgProcessor.main(imageFile); 
                 stopWatch.Stop(); 
                 processTimeLabel.Text = stopWatch.ElapsedMilliseconds.ToString() + " ms"; 
 
                 try 
                { 
                   stopWatch.Reset(); 
                   if (resultImgString != null){ 
                      imageFoundLabel.Text = "Image Found"; 
                      imageFoundLabel.ForeColor = System.Drawing.Color.Black; 
                      stopWatch.Start(); 
                      pictureBox2.Load(resultImgString); 
                      stopWatch.Stop(); 
                      displayTimeLabel.Text = stopWatch.ElapsedMilliseconds.ToString() + " ms"; 
                   } 
 
                   else 
                  { 
                      pictureBox2.Image = null; 
                  } 
               } 
               catch (Exception msg) {  
                  imageFoundLabel.Text = "Exception message: " + msg.Message;  
               } 
         } 
 
The amount of time needed to complete the search is measured using the StopWatch object.  The 

clearButton_Click function is used to clear the data from the picture boxes and labels in the GUI. 

           private void clearButton_Click(object sender, EventArgs e) 
          { 
              pictureBox1.Image = null; 
              pictureBox2.Image = null; 
              processTimeLabel.Text = null; 
              displayTimeLabel.Text = null; 
              imageFoundLabel.Text = null; 
           } 
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3.2 The F# Project 
 
A number of the concepts used in the F# project that involve processing image data were derived 

from code presented by F. De Vittori [8].  The following sections describe some of these concepts, 

and the additional changes that were made. 

 
3.2.1 Getting the Array of All Pixel Values of an Image 
  
One of the essential steps in searching for a matching image in this project is to process the images.  

The code snippet below shows a new BitmapImage object being created from a given image, and if 

the image is not already in the Bgr32 pixel format then it is converted to this format.  The Bgr32 

pixel format assigns 8 bits per pixel to each color channel (blue, green, and red), and also to the 

alpha channel.  Even though it is possible to save them in various formats, it is preferable to use a 

basic format for pixels values, so that their values are not misread.  A byte array is also created from 

the contents of the image where the array is in the format of [Alpha, Blue, Green, Red]. 

   let getPixels imgPath = 
            try 
                    let s = new BitmapImage (new System.Uri (imgPath)) 
                    let source = 
                         if s.Format <> PixelFormats.Bgr32  
                         then new FormatConvertedBitmap (s, PixelFormats.Bgr32, null, 0.)            
                                 :> BitmapSource   
                         else s :> BitmapSource 
 
                    let width = source.PixelWidth 
                    let height = source.PixelHeight     
 
                    let pixels = Array.create (width * height * 4) 0uy 
                    source.CopyPixels (pixels, width * 4, 0) 
                    Some pixels  
                 with 
                 | :? System.NotSupportedException -> None 
 
There are various types of operators in the F# language that help to keep programming code 

compact. For example, the upcast operator, denoted as :>, is used to cast an object up a class 

hierarchy to the base class that it is derived from [3].  In the code above, we see the upcasting of the 
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image object to BitmapSource which is a higher type in the .NET framework that is utilized for 

bitmaps.  Also, the following code, :? System.NotSupportedException -> None, contains the 

pattern matching operator which is denoted as, :?, and if an exception is thrown by the try-with code 

block and it matches System.NotSupportedException, then the task is not performed [24]. 

There are also several formats for literals in F#.  In the code above, the suffix, uy, represents 

and unsigned byte [21].  The following line of code,  

Array.create (width * height * 4) 0uy 

creates a byte array where the length is equal to the value of, width*height*4, and the entries are 

initialized with zero bytes. 

 
3.2.2 Combining R, G, B Values of a Pixel into a Single Byte 
 
The pixel values of the image histograms in this project range from 0 to 255.  Originally, the pixel 

values of the images contained 4 bytes (or 32 bits per pixel), but then the values are converted into a 

single byte from the three color channels which is shown in the code block below.    

                        let to8bpp red green blue = 
                                      let b = blue >>> 6 
                                      let g = green >>> 5 
                                      let r = red >>> 5 
                                      0uy ||| (r <<< 5) ||| (g <<< 2) ||| b 

The binary right shift (>>>), binary left shift (<<<), and the binary OR (|||) operators are used to 

perform bitwise operations [15].  The following code, blue >>> 6, shifts the bit values to the right 

by 6 bits, which decreases the total value of blue, since the emptied bit positions on the left are 

replaced with zeros.  Also, the bitwise shift of r <<< 5 moves the bits to 5 places on the left, 

increasing the value of r.   

The following code, 0uy ||| (r <<< 5) ||| (g <<< 2) ||| b, carries out the bitwise OR 

operation, which results in a single byte due to the inclusion of 0uy in the operation.  Bitwise 
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operations provide a useful way of merging numerous values into a single byte, and appear to 

perform efficiently in this project. 

 
3.2.3 Converting 32-bit A, R, G, B Values of a Pixel to a Single-Byte True Color Value 
 
The function below removes the alpha channel of an image, and converts each 

pixel’s RGB values, specifically px32bpp.[i + 2],  px32bpp.[i + 1] and px32bpp.[i], into a 

single byte, utilizing the to8bpp function of section 3.2.2. 

                       let to8bit px32bpp = 
                            [| for i in 0..4..((Array.length px32bpp) - 4) -> 
                                            to8bpp px32bpp.[i + 2] px32bpp.[i + 1] px32bpp.[i] 
                            |] 

 
3.2.4 Making a Fine-Grained Histogram of an Image 
 
The following function creates a histogram from an image file.   

       let makeHistogram (fileName : string) = 
 
            getPixels fileName 
            |> Option.bind (fun pxs -> 
              let pixels8 = to8bit pxs 
 
                // creates an empty histogram 
                let histogram = Array.create 256 0. 
                let pixelCount = Array.length pixels8 
 
                // counts the number of occurrences of every color 
                for i in 0..pixelCount - 1 do 
                         let color = int pixels8.[i] 
                         histogram.[color] <- histogram.[color] + 1. 
 
           // normalize the histogram by dividing each value by the total number of pixels  
           // so that each color amount is a float value in the 0 .. 1 range, where for ex. 0.3  
           // means that a picture has 30% of pixels of that given color. 
                let normalized = [| for i in 0..histogram.Length - 1 -> 
                               System.Math.Round(histogram.[i] / float pixelCount, 4) 
                            |] 
 
           //A histogram "object" that returns the image "signature" 
                Some { Histogram.Data = normalized; FileName = fileName } 
         ) 
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In the F# language, the option type provides a way of distinguishing between typed values that are 

valid or invalid.  For instance, for the option of type integer we can use, Some(x) or None, to 

determine the validity of the integer typed input value of a function [16].  If the value is, for 

example, 3 and it is valid, then Some 3 is returned, otherwise None is returned.  In the code snippet 

above, Option.bind() permits the creation of a histogram.  In section 3.2.7, pattern matching using 

Option is used to differentiate between an existing and non-existing query image.  

 
3.2.5 Defining Information-Theoretic Divergence Measures 
 
The next five functions calculate the information-theoretic divergence measures between two arrays 

p and q.  The map2 function, which is a member of the Array class, applies the same function 

named fun, to each entry of the two arrays p and q and is defined as follows:  

fun pi qi -> if pi = 0. then 0. else pi * log (pi / qi) 

The function fun is an anonymous function, also known as a lambda function [25], and is used in 

the following divergence measure functions. 

//Kullback-Leibler divergence 
let KullbackLeiblerDist p q = 
          Array.map2 (fun pi qi -> if pi = 0. 
                                   then 0. 
                                   else pi * log (pi / qi)) 
                     p q 
          |> Array.sum 

 
In the code segment above, the pipe-forward operator (|>) applies a parameter, x, to a function, f, 

where x |> f is the same as f(x) [25].  The code above is the implementation of the Kullback-Leibler 

divergence formula which is described in Chapter 2 and is shown below. 

DKL (p || q) = ∑  𝒑(𝒊) 𝒍𝒐𝒈
𝒑(𝒊)

𝒒(𝒊)
𝒏
𝒊=𝟏     

The following functions, CrossEntropyDiv, JensenShannonDist, JensenShannonEntropyDist, 

and quadFormDistance, are similar to the Kullback-Leibler function. 
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//Cross entropy divergence 
let CrossEntropyDiv p q = 

Array.map2 (fun pi qi -> if pi = 0. 
                                    then 0. 
                                    else pi * log (1.0 / qi)) 
      p q 
|> Array.sum 

 
//Jensen-Shannon divergence using Kullback-Leibler distance 
let JensenShannonDist p q = 

let m = Array.map2 (fun pi qi -> (pi + qi) / 2.) 
                p q 
(KullbackLeiblerDist p m) / 2. + (KullbackLeiblerDist q m) / 2. 

 
//Jensen-Shannon divergence using Cross entropy divergence 
let JensenShannonEntropyDist p q =  

let m = Array.map2 (fun pi qi -> (pi + qi) / 2.) 
                p q 
(CrossEntropyDiv p m) / 2. + (CrossEntropyDiv q m) / 2. 

 
//Quadratic form divergence 
let quadFormDistance (p : float array) (q : float array) = 
               Array.map2 (fun pi qi -> 
                               if pi = 0. && qi = 0. 
                               then 0. 
                               else 0.5 * (pown (pi - qi) 2) / (pi + qi)) 
                          p 
                          q 
               |> Array.sum 

        
The divergence functions listed above can be used to make a distance metric between two 

distributions p and q, as shown in the following code block. 

            //Select one of the above divergence functions as distance used below. 
            let distance p q = 
               sqrt (JensenShannonDist p q) 
                       //sqrt (KullbackLeiblerDist p q) 
                       //sqrt (CrossEntropyDiv p q) 
                       //sqrt (JensenShannonEntropyDist p q) 
                       //sqrt (quadFormDistance p q) 
 

3.2.6 Searching the Best Match Histogram for a Query Histogram 
 
The nearestNeighbor function below compares a histogram named sample, with a database of 

histograms named samples, utilizing the distance function in section 3.2.5. 
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            //Returns the histogram closest to the given one. 
            let nearestNeighbor sample samples = 
               samples 
                   |> Seq.map (fun s -> (s.FileName, distance s.Data sample.Data)) 
                   |> Seq.sortBy (fun (fn, dist) -> dist) 
                   |> Seq.head 
                   |> fst 
 
This function utilizes a sequence of pipe-forward operators (|>).  Initially, the distance between the 

histograms of the database images and the query image is measured.  Then, the name of the database 

image and the resulting distance value are returned as tuples, which are sorted by the distance value 

in ascending order.  The lowest distance value is selected and the associated file name is returned. 

 
3.2.7 Searching the Best Match Image for a Query Image 
 
In the F# project, the main function accepts a string parameter from the C# project that is calling it.  

The string parameter contains the name of the image file used as the query image.    

       //The main function accepts a string parameter from the C# program calling it 
        let main (args : string) : string =  
 
           let query = args 
           let databaseString = __SOURCE_DIRECTORY__ + "\\images\\database-images" 
           let images = databaseString 
            
           if not (Directory.Exists images) 
           then invalidOp "The samples directory does not exist." 
 
           if not (File.Exists query) 
           then invalidOp "The query image does not exist." 
 
           let queryImage = match makeHistogram query with 
                              | Some img -> img 
                              | None -> invalidOp "The query image could not be loaded." 
 
           let sampleImages = 
                 Directory.GetFiles (images, "*.jpg") 
                 |> Array.Parallel.map makeHistogram 
                 |> Array.filter Option.isSome 
                 |> Array.map Option.get 
 
           if (Array.length sampleImages) = 0 
           then invalidOp "The samples directory does not contain any valid image." 
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           //Function returns image that is similar 
           let mostSimilar = nearestNeighbor queryImage sampleImages 
 
           //The path and name of the file found is returned to the C# program as a string 
           mostSimilar    
 
 
Multicore systems provide improved processing speeds due to their multiprocessor architecture and 

can be utilized through the use of parallelism, which involves the use of concurrency to divide a task 

into smaller components, allowing each component to be executed on its own processor [11].  In 

the code above, the sampleImages function contains Array.Parallel.map for the use of parallelism 

when applying the same function, makeHistogram, to each image in the database.  As a result, we 

end up with a collection of histograms of the database images.   

 
3.3 Image Design in Photoshop 
 
Adobe Photoshop is an imaging editor that was developed for use on Windows and Mac OS 

systems [1].  It contains various features that allow the designer to work in different color modes 

such as Grayscale and RGB Color, add layers to an image, and use numerous filters and masks to 

alter an image’s appearance.   

 
3.3.1 Resizing Images 
 
The images used in this project were found on various websites.  The query-images folder in this 

project contains 20 original images, and a total of 200 copies of the original images were saved in the 

database-images folder.  The images were resized using a batch process that allows the user to 

automate the task of altering a collection of images.  For instance, to simplify the task of resizing a 

group of images, an Action is created, which is a tool that allows the user to record the procedures 

performed to resize an image (See Figure 7.), which is then saved in the system.  During the batch 

process, the Action is selected and applied to each image in a folder to create the desired effect (See 

Figure 8.).  The size of each image was changed to 300 pixels for the width and height.   
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Figure 7.  Example of creating an Action  

 

 

Figure 8.  Example of using the Batch command 
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3.3.2 Applying Filters 
 
Various filters were applied to the images in the database collection to distort the appearance of each 

image.  A filter was chosen by navigating to the Filter menu, which contains various categories of 

filters.  Each filter category contains a sub-menu of additional filters that can be applied individually 

(See Figure 9.).  For example, when the Pointillize filter is selected from the Pixelate category a pop-

up window appears that is used to make adjustments to the intensity of the filter.  The effects of the 

changes are viewable in the window as the modifications to the filter are being made (See Figure 

10.).  When the OK button is clicked, the window closes, and the filter is applied to the image (See 

Figure 11.).  Also, multiple filters can be applied to an image (See Figure 12. and Figure 13.) by 

adding them one at a time, or by utilizing the Action command.  The changes made to an image can 

be undone by using the Step Backward command from the Edit menu. 

 

 
 

Figure 9.  Select a Filter 
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Figure 10.  Selection of Pointillize filter 

 

 

Figure 11.  Example of image with the Pointillize filter 
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Figure 12.  Example of applying multiple filters to an image 

 

 

Figure 13.  Another example of applying multiple filters to an image 
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CHAPTER 4 
 

EXPERIMENTATION 
 
 

In this chapter, the performance of the image searching function of this project will be examined as 

various images are used and different divergence measures are applied in the searching process.  The 

Stopwatch class is a member of the System.Diagnostics namespace in the .NET framework that 

permits the measurement of the elapsed time that a portion of code expends on processing a task.  

Even though a precise measurement using this class is not always obtainable, it does assist in 

analyzing essential features of the application.  The Stopwatch code segment from the C# project is 

shown below. 

            //Create Stopwatch object to measure amount of time to search for an image. 
            Stopwatch stopWatch = new Stopwatch(); 
            stopWatch.Start(); 
 

//Send the path and filename of image to F# program, and receive filename of 
//resulting image 

            resultImgString = ImageProcessorLibrary.ImgProcessor.main(imageFile); 
 
            stopWatch.Stop(); 
            processTimeLabel.Text = stopWatch.ElapsedMilliseconds.ToString() + " ms"; 
 
The code from the C# project that calls the code in the F# project to carry out the image search is 

contained within the Stopwatch code segment.  The time, which is represented by a string, is shown 

in a label on the main form. 

 
4.1  Effect of Divergence Measures 
 
To examine the performance of the image search application, a total of 10 query images were 

selected from the image collection to use as test data.  The preferred outcome was for an image that 

was similar to the query image to be returned from the database, which contains 200 images (See 

Figure 14.).  In order to test the effectiveness of the divergence measures, each divergence function 

described in section 3.2.5 was used separately within the distance function when performing a 



IMAGE PROCESSING IN F#       32 

search on each of the 10 query images.  The results from testing the 10 query images revealed that 

the JensenShannonDist and quadFormDistance functions were the most reliable (See Figure 

20.).  When these functions were used within the distance function while conducting 10 image 

searches, the image returned each time was similar to the query image 100% of the time.  When the 

KullbackLeiblerDist function was used for 10 image searches, a similar image was returned 80% of 

the time.  The CrossEntropyDiv and JensenShannonEntropyDist functions were the least 

reliable, returning similar images just 60% and 10% of the time, respectively (See Figure 20.).      

In examining the search findings of one query image, used as a sample of the test data, the 

results revealed that when the JensenShannonDist and quadFormDistance functions were used, 

the same image was returned from the database that best matched the query image (See Figure 15. 

and Figure 19.).  When the KullbackLeiblerDist function was used, the image returned from the 

database was a close match to the query image (See Figure 16.).  However, when the 

CrossEntropyDiv and JensenShannonEntropyDist functions were used, the images that were 

returned did not appear similar to the query image in any way (See Figure 17. and Figure 18.).   

 

 

Figure 14.  Example of images in database used to match query images 
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Figure 15.  Example of matching image when the JensenShannonDist divergence function is used 

 

 

Figure 16.  Example of matching image when the KullbackLeiblerDist divergence function is used 
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Figure 17.  Non-matching image when the CrossEntropyDiv divergence function is used 

 

 

Figure 18.  Non-matching image when the JensenShannonEntropyDist divergence function is used 
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Figure 19.  Example of matching image when the quadFormDistance divergence function is used 

 

 
 
Figure 20.  Chart illustrating the percentage of accuracy when each divergence function is used 
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4.2  Effect of Image Contents 

We must consider the amount of time it took to process each image, and if the contents of the file 

affected the accuracy of the result.  In observing the search findings of one query image, used as a 

sample of the test data, it appears that the faster processing time correlates with the occurrence of 

inaccuracies in the resulting image.  For instance, when a non-similar image was returned and the 

JensenShannonEntropyDist divergence function was used (See Figure 18.), the processing time 

was 12082 ms (12.082 sec), the fastest amount of time for completing an image search.  The next 

fastest processing time of 14927 ms (14.927 sec) occurred when the CrossEntropyDiv divergence 

function was used, and a non-matching image was also returned (See Figure 17.).   

It appears that the accuracy of the image search results depends more on the amount of 

processing time used, and not specifically on the content of the image files.  For instance, when the 

JensenShannonDist and quadFormDistance divergence functions were used, an image was 

returned from the database that best matched the query image, and the image processing times were 

16603 ms and 15888 ms (See Figure 15. and Figure 19.), respectively, which were longer time 

periods than those that resulted when the JensenShannonEntropyDist and CrossEntropyDiv 

divergence functions were used.  The processing time of 15445 ms resulted when the 

KullbackLeiblerDist divergence function was utilized (See Figure 16.), and a close match to the 

query image was returned.   

It is probable that the longer processing times are the result of the existence of complex 

computations within certain functions such as the JensenShannonDist, quadFormDistance, and 

KullbackLeiblerDist divergence functions.  For the divergence functions that contain less complex 

computations, shortcuts may be taken where particular values are being discarded in some 

calculations, resulting in shorter image processing times and search outcomes that are not accurate. 
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CHAPTER 5 
 

CONCLUSION 
 
 

All in all, this project has reinforced this author’s overall knowledge in computing, especially in 

image processing.  There are some features of this project that could have been performed more 

effectively and may be developed further. 

 
5.1  Accomplishments 
 
This project demonstrated that a Visual Studio solution consisting of two projects written in 

different .NET languages, where each project is designated to perform a certain task, can work well 

together.  The C# language is better equipped for creating graphical user interfaces, while the F# 

language is more efficient at processing data, particularly imaging data, using code that is less 

verbose than the code used in object-oriented languages such as C# and Java.  The project was run 

on the .NET platform in a Windows 7 environment.  However, applications created in the .NET 

platform can also function on Linux and Mac OS systems. 

 
5.2  Future Work 
 
In this project, only a small database of 200 images was utilized, primarily because using imaging 

software, such as Adobe Photoshop, to create and manipulate images required a substantial amount 

of time.  However, improving the functionality of this project to handle an expanding database that 

contains thousands of images can be a beneficial endeavor and may be explored in the future. 
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APPENDIX 
 
Source Code from the C# project: 
 
//Form1.cs file: 
// 
//The images used in this project were found on various websites, and were altered in 
//Photoshop.  The images were all resized to 300 pixels (width) by 300 pixels (height), and 
//a number of filters were applied to the images to distort them.  The "query-images" 
//folder contains the original images that were resized, and the "database-images" folder 
//contains distorted versions of each original image, all resized.  The following is a listing 
//of the query images and the websites where they were found: 
//  
// 1) outer-space-stars.jpg (deskpoper.com) 
// 2) space.jpg (deskpoper.com) 
// 3) outer-space-earth.jpg (www.wallpaperage.com) 
// 4) nature-green-road.jpg (samartechsolutions.com) 
// 5) winter.jpg (samartechsolutions.com) 
// 6) broccoli-treehouse.jpg (www.theatlantic.com) 
// 7) beach.jpg (www.wallsave.com) 
// 8) solomia-ceramics-1.jpg (design-milk.com) 
// 9) ceramic-cups.jpg (www.bradjohnsonceramics.com) 
// 10) ceramic-vase.jpg (www.ceramicsaleoutlet.com) 
// 11) hopi-pottery.jpg (nativeamericanencyclopedia.com) 
// 12) french-pottery.jpg (www.veniceclayartists.com) 
// 13) ceramic-pots.jpg (www.moredesignplease.com) 
// 14) ceramic-bowls.jpg (www.hshadronpottery.com) 
// 15) red-flower.jpg (hdnaturepictures.com) 
// 16) dahlia-pink-coronet.jpg (hdnaturepictures.com) 
// 17) yellow-flowers.jpg (total-wallpapers.com) 
// 18) pink-daisy.jpg (eddiessolitude.blogspot.com) 
// 19) yellow-daisy.jpg (www.photoinpixel.com) 
// 20) ceramic-pieces.jpg (mcraeartstudios.com) 
// 
//The files for the original images are located in the "research project" folder  
//at "ImageProcessingProject\ImageProcessorLibrary\images\query-images". 
// 
//The files for the distorted images are located in the "research project" folder 
//at "ImageProcessingProject\ImageProcessorLibrary\images\database-images". 
// 
 
using System; 
using System.Collections.Generic; 
using System.ComponentModel; 
using System.Data; 
using System.Drawing; 
using System.Linq; 
using System.Text; 
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using System.Threading.Tasks; 
using System.IO; 
using System.Windows.Forms; 
using System.Windows.Media; 
using System.Windows.Media.Imaging; 
using System.Diagnostics; 
 
namespace ImageProcessingProject 
{ 
    public partial class Form1 : Form 
    { 
        string imageFile = ""; 
        string resultImgString = ""; 
 
        public Form1() 
        { 
            InitializeComponent(); 
        } 
 
 
        //Opens file dialog box when "Select Image" button is clicked 
        private void selectButton_Click(object sender, EventArgs e) 
        { 
            if (openFileDialog1.ShowDialog() == DialogResult.OK) 
            { 
                pictureBox1.Image = null; 
                pictureBox2.Image = null; 
                processTimeLabel.Text = null; 
                displayTimeLabel.Text = null; 
                imageFoundLabel.Text = null; 
                pictureBox1.Load(openFileDialog1.FileName); 
                imageFile = openFileDialog1.InitialDirectory + openFileDialog1.FileName; 
//returns path and filename only                
            } 
        } 
 
        //Search for a similar image selected by user 
        private void searchButton_Click(object sender, EventArgs e) 
        { 
            imageFoundLabel.Text = "Searching for Image..."; 
            imageFoundLabel.ForeColor = System.Drawing.Color.Red; 
 
            //Create Stopwatch object to measure amount of time to search for an image. 
            Stopwatch stopWatch = new Stopwatch(); 
            stopWatch.Start(); 
 
            //Send the path and filename of image to F# program, and receive filename of 
resulting image 
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            resultImgString = ImageProcessorLibrary.ImgProcessor.main(imageFile); 
 
            stopWatch.Stop(); 
            processTimeLabel.Text = stopWatch.ElapsedMilliseconds.ToString() + " ms"; 
 
            try 
            { 
                stopWatch.Reset(); 
 
                if (resultImgString != null) 
                { 
                    imageFoundLabel.Text = "Image Found"; 
                    imageFoundLabel.ForeColor = System.Drawing.Color.Black; 
                    stopWatch.Start(); 
                    pictureBox2.Load(resultImgString); 
                    stopWatch.Stop(); 
                    displayTimeLabel.Text = stopWatch.ElapsedMilliseconds.ToString() + " ms"; 
                } 
 
                else 
                { 
                    pictureBox2.Image = null; 
                } 
            } 
            catch (Exception msg) { imageFoundLabel.Text = "Exception message: " + 
msg.Message; } 
        } 
 
        //Clear images 
        private void clearButton_Click(object sender, EventArgs e) 
        { 
            pictureBox1.Image = null; 
            pictureBox2.Image = null; 
            processTimeLabel.Text = null; 
            displayTimeLabel.Text = null; 
            imageFoundLabel.Text = null; 
        } 
 
        //https:@//msdn.microsoft.com/en-us/library/dd492140(v=vs.100).aspx 
        //When you double-click a control in the IDE, it adds an event handler method for the 
control. 
        //The program calls these event handler methods whenever an event (like a user 
clicking a button or selecting a box) happens.  
        private void openFileDialog1_FileOk(object sender, CancelEventArgs e) 
        { 
 
        } 
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        private void tableLayoutPanel1_Paint(object sender, PaintEventArgs e) 
        { 
 
        } 
 
        private void Form1_Load(object sender, EventArgs e) 
        { 
 
        } 
 
        private void textBox1_TextChanged(object sender, EventArgs e) 
        { 
         
        } 
 
        private void flowLayoutPanel2_Paint(object sender, PaintEventArgs e) 
        { 
 
        } 
    } 
} 
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Source Code from the C# project: 
 
//Form1.Designer.cs file: 
 
namespace ImageProcessingProject 
{ 
    partial class Form1 
    { 
        /// <summary> 
        /// Required designer variable. 
        /// </summary> 
        private System.ComponentModel.IContainer components = null; 
 
        /// <summary> 
        /// Clean up any resources being used. 
        /// </summary> 
        /// <param name="disposing">true if managed resources should be disposed; 
otherwise, false.</param> 
        protected override void Dispose(bool disposing) 
        { 
            if (disposing && (components != null)) 
            { 
                components.Dispose(); 
            } 
            base.Dispose(disposing); 
        } 
 
        #region Windows Form Designer generated code 
 
        /// <summary> 
        /// Required method for Designer support - do not modify 
        /// the contents of this method with the code editor. 
        /// </summary> 
        private void InitializeComponent() 
        { 
            this.components = new System.ComponentModel.Container(); 
            this.tableLayoutPanel1 = new System.Windows.Forms.TableLayoutPanel(); 
            this.pictureBox1 = new System.Windows.Forms.PictureBox(); 
            this.pictureBox2 = new System.Windows.Forms.PictureBox(); 
            this.flowLayoutPanel1 = new System.Windows.Forms.FlowLayoutPanel(); 
            this.selectButton = new System.Windows.Forms.Button(); 
            this.searchButton = new System.Windows.Forms.Button(); 
            this.clearButton = new System.Windows.Forms.Button(); 
            this.label2 = new System.Windows.Forms.Label(); 
            this.flowLayoutPanel2 = new System.Windows.Forms.FlowLayoutPanel(); 
            this.flowLayoutPanel3 = new System.Windows.Forms.FlowLayoutPanel(); 
            this.flowLayoutPanel4 = new System.Windows.Forms.FlowLayoutPanel(); 
            this.openFileDialog1 = new System.Windows.Forms.OpenFileDialog(); 
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            this.timer1 = new System.Windows.Forms.Timer(this.components); 
            this.timer2 = new System.Windows.Forms.Timer(this.components); 
            this.processingLabel = new System.Windows.Forms.Label(); 
            this.processTimeLabel = new System.Windows.Forms.Label(); 
            this.displayLabel = new System.Windows.Forms.Label(); 
            this.displayTimeLabel = new System.Windows.Forms.Label(); 
            this.label6 = new System.Windows.Forms.Label(); 
            this.imageFoundLabel = new System.Windows.Forms.Label(); 
            this.tableLayoutPanel1.SuspendLayout(); 
            ((System.ComponentModel.ISupportInitialize)(this.pictureBox1)).BeginInit(); 
            ((System.ComponentModel.ISupportInitialize)(this.pictureBox2)).BeginInit(); 
            this.flowLayoutPanel1.SuspendLayout(); 
            this.flowLayoutPanel2.SuspendLayout(); 
            this.SuspendLayout(); 
            //  
            // tableLayoutPanel1 
            //  
            this.tableLayoutPanel1.ColumnCount = 2; 
            this.tableLayoutPanel1.ColumnStyles.Add(new 
System.Windows.Forms.ColumnStyle(System.Windows.Forms.SizeType.Percent, 50F)); 
            this.tableLayoutPanel1.ColumnStyles.Add(new 
System.Windows.Forms.ColumnStyle(System.Windows.Forms.SizeType.Percent, 50F)); 
            this.tableLayoutPanel1.Controls.Add(this.pictureBox1, 0, 1); 
            this.tableLayoutPanel1.Controls.Add(this.pictureBox2, 1, 1); 
            this.tableLayoutPanel1.Controls.Add(this.flowLayoutPanel1, 0, 0); 
            this.tableLayoutPanel1.Controls.Add(this.flowLayoutPanel2, 1, 0); 
            this.tableLayoutPanel1.Controls.Add(this.flowLayoutPanel3, 0, 2); 
            this.tableLayoutPanel1.Controls.Add(this.flowLayoutPanel4, 1, 2); 
            this.tableLayoutPanel1.Dock = System.Windows.Forms.DockStyle.Fill; 
            this.tableLayoutPanel1.Location = new System.Drawing.Point(0, 0); 
            this.tableLayoutPanel1.Name = "tableLayoutPanel1"; 
            this.tableLayoutPanel1.RowCount = 3; 
            this.tableLayoutPanel1.RowStyles.Add(new 
System.Windows.Forms.RowStyle(System.Windows.Forms.SizeType.Absolute, 70F)); 
            this.tableLayoutPanel1.RowStyles.Add(new 
System.Windows.Forms.RowStyle(System.Windows.Forms.SizeType.Absolute, 330F)); 
            this.tableLayoutPanel1.RowStyles.Add(new 
System.Windows.Forms.RowStyle(System.Windows.Forms.SizeType.Absolute, 20F)); 
            this.tableLayoutPanel1.Size = new System.Drawing.Size(584, 362); 
            this.tableLayoutPanel1.TabIndex = 0; 
            this.tableLayoutPanel1.Paint += new 
System.Windows.Forms.PaintEventHandler(this.tableLayoutPanel1_Paint); 
            //  
            // pictureBox1 
            //  
            this.pictureBox1.BorderStyle = System.Windows.Forms.BorderStyle.Fixed3D; 
            this.pictureBox1.Dock = System.Windows.Forms.DockStyle.Fill; 
            this.pictureBox1.Location = new System.Drawing.Point(3, 73); 
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            this.pictureBox1.Name = "pictureBox1"; 
            this.pictureBox1.Size = new System.Drawing.Size(286, 324); 
            this.pictureBox1.TabIndex = 0; 
            this.pictureBox1.TabStop = false; 
            //  
            // pictureBox2 
            //  
            this.pictureBox2.BorderStyle = System.Windows.Forms.BorderStyle.Fixed3D; 
            this.pictureBox2.Dock = System.Windows.Forms.DockStyle.Fill; 
            this.pictureBox2.Location = new System.Drawing.Point(295, 73); 
            this.pictureBox2.Name = "pictureBox2"; 
            this.pictureBox2.Size = new System.Drawing.Size(286, 324); 
            this.pictureBox2.TabIndex = 1; 
            this.pictureBox2.TabStop = false; 
            //  
            // flowLayoutPanel1 
            //  
            this.flowLayoutPanel1.Controls.Add(this.selectButton); 
            this.flowLayoutPanel1.Controls.Add(this.searchButton); 
            this.flowLayoutPanel1.Controls.Add(this.clearButton); 
            this.flowLayoutPanel1.Controls.Add(this.label2); 
            this.flowLayoutPanel1.Dock = System.Windows.Forms.DockStyle.Top; 
            this.flowLayoutPanel1.Location = new System.Drawing.Point(3, 3); 
            this.flowLayoutPanel1.Name = "flowLayoutPanel1"; 
            this.flowLayoutPanel1.Size = new System.Drawing.Size(286, 64); 
            this.flowLayoutPanel1.TabIndex = 2; 
            //  
            // selectButton 
            //  
            this.selectButton.AutoSize = true; 
            this.selectButton.Location = new System.Drawing.Point(3, 3); 
            this.selectButton.Name = "selectButton"; 
            this.selectButton.Size = new System.Drawing.Size(79, 23); 
            this.selectButton.TabIndex = 0; 
            this.selectButton.Text = "Select Image"; 
            this.selectButton.UseVisualStyleBackColor = true; 
            this.selectButton.Click += new System.EventHandler(this.selectButton_Click); 
            //  
            // searchButton 
            //  
            this.searchButton.AutoSize = true; 
            this.searchButton.Location = new System.Drawing.Point(88, 3); 
            this.searchButton.Name = "searchButton"; 
            this.searchButton.Size = new System.Drawing.Size(75, 23); 
            this.searchButton.TabIndex = 1; 
            this.searchButton.Text = "Search"; 
            this.searchButton.UseVisualStyleBackColor = true; 
            this.searchButton.Click += new System.EventHandler(this.searchButton_Click); 
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            //  
            // clearButton 
            //  
            this.clearButton.AutoSize = true; 
            this.clearButton.Location = new System.Drawing.Point(169, 3); 
            this.clearButton.Name = "clearButton"; 
            this.clearButton.Size = new System.Drawing.Size(75, 23); 
            this.clearButton.TabIndex = 1; 
            this.clearButton.Text = "Clear"; 
            this.clearButton.UseVisualStyleBackColor = true; 
            this.clearButton.Click += new System.EventHandler(this.clearButton_Click); 
            //  
            // label2 
            //  
            this.label2.AutoSize = true; 
            this.label2.Font = new System.Drawing.Font("Microsoft Sans Serif", 9.75F, 
System.Drawing.FontStyle.Bold, System.Drawing.GraphicsUnit.Point, ((byte)(0))); 
            this.label2.ImageAlign = System.Drawing.ContentAlignment.TopLeft; 
            this.label2.Location = new System.Drawing.Point(3, 29); 
            this.label2.Name = "label2"; 
            this.label2.Padding = new System.Windows.Forms.Padding(0, 15, 0, 0); 
            this.label2.Size = new System.Drawing.Size(109, 31); 
            this.label2.TabIndex = 1; 
            this.label2.Text = "Original Image"; 
            //  
            // flowLayoutPanel2 
            //  
            this.flowLayoutPanel2.Controls.Add(this.processingLabel); 
            this.flowLayoutPanel2.Controls.Add(this.processTimeLabel); 
            this.flowLayoutPanel2.Controls.Add(this.displayLabel); 
            this.flowLayoutPanel2.Controls.Add(this.displayTimeLabel); 
            this.flowLayoutPanel2.Controls.Add(this.label6); 
            this.flowLayoutPanel2.Controls.Add(this.imageFoundLabel); 
            this.flowLayoutPanel2.Dock = System.Windows.Forms.DockStyle.Fill; 
            this.flowLayoutPanel2.Location = new System.Drawing.Point(295, 3); 
            this.flowLayoutPanel2.Name = "flowLayoutPanel2"; 
            this.flowLayoutPanel2.Size = new System.Drawing.Size(286, 64); 
            this.flowLayoutPanel2.TabIndex = 3; 
            this.flowLayoutPanel2.Paint += new 
System.Windows.Forms.PaintEventHandler(this.flowLayoutPanel2_Paint); 
            //  
            // flowLayoutPanel3 
            //  
            this.flowLayoutPanel3.Dock = System.Windows.Forms.DockStyle.Fill; 
            this.flowLayoutPanel3.Location = new System.Drawing.Point(3, 403); 
            this.flowLayoutPanel3.Name = "flowLayoutPanel3"; 
            this.flowLayoutPanel3.Size = new System.Drawing.Size(286, 14); 
            this.flowLayoutPanel3.TabIndex = 4; 
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            //  
            // flowLayoutPanel4 
            //  
            this.flowLayoutPanel4.Dock = System.Windows.Forms.DockStyle.Fill; 
            this.flowLayoutPanel4.Location = new System.Drawing.Point(295, 403); 
            this.flowLayoutPanel4.Name = "flowLayoutPanel4"; 
            this.flowLayoutPanel4.Size = new System.Drawing.Size(286, 14); 
            this.flowLayoutPanel4.TabIndex = 5; 
            //  
            // openFileDialog1 
            //  
            this.openFileDialog1.FileName = "openFileDialog1"; 
            this.openFileDialog1.Filter = "JPEG Files (*.jpg)|*.jpg|PNG Files 
(*.png)|*.png|BMP Files (*.bmp)|*.bmp|All file" + 
    "s (*.*)|*.*"; 
            this.openFileDialog1.Title = "Select a picture file"; 
            this.openFileDialog1.FileOk += new 
System.ComponentModel.CancelEventHandler(this.openFileDialog1_FileOk); 
            //  
            // processingLabel 
            //  
            this.processingLabel.AutoSize = true; 
            this.processingLabel.Font = new System.Drawing.Font("Microsoft Sans Serif", 
9.75F, System.Drawing.FontStyle.Bold, System.Drawing.GraphicsUnit.Point, ((byte)(0))); 
            this.processingLabel.Location = new System.Drawing.Point(3, 0); 
            this.processingLabel.Name = "processingLabel"; 
            this.processingLabel.Size = new System.Drawing.Size(179, 16); 
            this.processingLabel.TabIndex = 10; 
            this.processingLabel.Text = "Processing Time in (ms):"; 
            //  
            // processTimeLabel 
            //  
            this.processTimeLabel.AutoSize = true; 
            this.processTimeLabel.Font = new System.Drawing.Font("Microsoft Sans Serif", 
9.75F, System.Drawing.FontStyle.Bold); 
            this.processTimeLabel.Location = new System.Drawing.Point(188, 0); 
            this.processTimeLabel.Name = "processTimeLabel"; 
            this.processTimeLabel.Size = new System.Drawing.Size(0, 16); 
            this.processTimeLabel.TabIndex = 13; 
            //  
            // displayLabel 
            //  
            this.displayLabel.AutoSize = true; 
            this.displayLabel.Font = new System.Drawing.Font("Microsoft Sans Serif", 9.75F, 
System.Drawing.FontStyle.Bold, System.Drawing.GraphicsUnit.Point, ((byte)(0))); 
            this.displayLabel.Location = new System.Drawing.Point(3, 16); 
            this.displayLabel.Name = "displayLabel"; 
            this.displayLabel.Size = new System.Drawing.Size(154, 16); 
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            this.displayLabel.TabIndex = 9; 
            this.displayLabel.Text = "Display Time in (ms):"; 
            //  
            // displayTimeLabel 
            //  
            this.displayTimeLabel.AutoSize = true; 
            this.displayTimeLabel.Font = new System.Drawing.Font("Microsoft Sans Serif", 
9.75F, System.Drawing.FontStyle.Bold); 
            this.displayTimeLabel.Location = new System.Drawing.Point(163, 16); 
            this.displayTimeLabel.Name = "displayTimeLabel"; 
            this.displayTimeLabel.Size = new System.Drawing.Size(0, 16); 
            this.displayTimeLabel.TabIndex = 14; 
            //  
            // label6 
            //  
            this.label6.AutoSize = true; 
            this.label6.Font = new System.Drawing.Font("Microsoft Sans Serif", 9.75F, 
System.Drawing.FontStyle.Bold, System.Drawing.GraphicsUnit.Point, ((byte)(0))); 
            this.label6.Location = new System.Drawing.Point(169, 16); 
            this.label6.Name = "label6"; 
            this.label6.Size = new System.Drawing.Size(48, 16); 
            this.label6.TabIndex = 11; 
            this.label6.Text = "          "; 
            this.label6.TextAlign = System.Drawing.ContentAlignment.TopCenter; 
            //  
            // imageFoundLabel 
            //  
            this.imageFoundLabel.AutoSize = true; 
            this.imageFoundLabel.Font = new System.Drawing.Font("Microsoft Sans Serif", 
9.75F, System.Drawing.FontStyle.Bold, System.Drawing.GraphicsUnit.Point, ((byte)(0))); 
            this.imageFoundLabel.Location = new System.Drawing.Point(223, 16); 
            this.imageFoundLabel.Name = "imageFoundLabel"; 
            this.imageFoundLabel.Padding = new System.Windows.Forms.Padding(0, 15, 0, 0); 
            this.imageFoundLabel.Size = new System.Drawing.Size(0, 31); 
            this.imageFoundLabel.TabIndex = 12; 
            //  
            // Form1 
            //  
            this.AutoScaleDimensions = new System.Drawing.SizeF(6F, 13F); 
            this.AutoScaleMode = System.Windows.Forms.AutoScaleMode.Font; 
            this.ClientSize = new System.Drawing.Size(584, 362); 
            this.Controls.Add(this.tableLayoutPanel1); 
            this.Name = "Form1"; 
            this.Text = "Image Processing Project"; 
            this.Load += new System.EventHandler(this.Form1_Load); 
            this.tableLayoutPanel1.ResumeLayout(false); 
            ((System.ComponentModel.ISupportInitialize)(this.pictureBox1)).EndInit(); 
            ((System.ComponentModel.ISupportInitialize)(this.pictureBox2)).EndInit(); 
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            this.flowLayoutPanel1.ResumeLayout(false); 
            this.flowLayoutPanel1.PerformLayout(); 
            this.flowLayoutPanel2.ResumeLayout(false); 
            this.flowLayoutPanel2.PerformLayout(); 
            this.ResumeLayout(false); 
 
        } 
 
        #endregion 
 
        private System.Windows.Forms.TableLayoutPanel tableLayoutPanel1; 
        private System.Windows.Forms.PictureBox pictureBox1; 
        private System.Windows.Forms.PictureBox pictureBox2; 
        private System.Windows.Forms.FlowLayoutPanel flowLayoutPanel1; 
        private System.Windows.Forms.Button selectButton; 
        private System.Windows.Forms.Button searchButton; 
        private System.Windows.Forms.Button clearButton; 
        private System.Windows.Forms.OpenFileDialog openFileDialog1; 
        private System.Windows.Forms.Label label2; 
        private System.Windows.Forms.FlowLayoutPanel flowLayoutPanel2; 
        private System.Windows.Forms.FlowLayoutPanel flowLayoutPanel3; 
        private System.Windows.Forms.Timer timer1; 
        private System.Windows.Forms.Timer timer2; 
        private System.Windows.Forms.FlowLayoutPanel flowLayoutPanel4; 
        private System.Windows.Forms.Label processingLabel; 
        private System.Windows.Forms.Label processTimeLabel; 
        private System.Windows.Forms.Label displayLabel; 
        private System.Windows.Forms.Label displayTimeLabel; 
        private System.Windows.Forms.Label label6; 
        private System.Windows.Forms.Label imageFoundLabel; 
    } 
} 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



IMAGE PROCESSING IN F#       51 

Source Code from the F# project: 
 
//Library1.fs file: 
 
namespace ImageProcessorLibrary 
 
 
module ImgProcessor = 
  
 open System 
 open System.IO 
 open System.Windows.Media 
 open System.Windows.Media.Imaging 
  
 
 ////////////////////////////////////////////////////////////////////// 
 //The following section of code is provided by the website, http://www.frenk.com, 
 //with some modifications made to it by K. Odoi 
 //Copyright (c) 2012 Francesco De Vittori (http://www.frenk.com) 
////////////////////////////////////////////////////////////////////// 
 
 // Copyright (c) 2012 Francesco De Vittori (http://www.frenk.com) 
 // 
 // This code is distributed under the MIT License. 
 // 
 // Permission is hereby granted, free of charge, to any person obtaining a 
 // copy of this software and associated documentation files (the "Software"), 
 // to deal in the Software without restriction, including without limitation 
 // the rights to use, copy, modify, merge, publish, distribute, sublicense, 
 // and/or sell copies of the Software, and to permit persons to whom the 
 // Software is furnished to do so, subject to the following conditions: 
 // 
 // The above copyright notice and this permission notice shall be included 
 // in all copies or substantial portions of the Software. 
 // 
// THE SOFTWARE IS PROVIDED "AS IS", WITHOUT WARRANTY OF ANY KIND, 
// EXPRESS OR IMPLIED, INCLUDING BUT NOT LIMITED TO THE  
// WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR  
// PURPOSE AND NONINFRINGEMENT. IN NO EVENT SHALL THE AUTHORS  
// OR COPYRIGHT HOLDERS BE LIABLE FOR ANY CLAIM, DAMAGES OR  
// OTHER LIABILITY, WHETHER IN AN ACTION OF CONTRACT, TORT OR  
// OTHERWISE, ARISING FROM, OUT OF OR IN CONNECTION WITH THE  
// SOFTWARE OR THE USE OR OTHER DEALINGS IN THE SOFTWARE. 
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 type Histogram = { 
    Data : float array 
    FileName : string 
 } 
 
 
  ///Returns the pixels of an image as a byte array, 
  ///in form [Alpha, B, G, R, Alpha, B, G, R, ...] 
  let getPixels imgPath = 
      try 
        let s = new BitmapImage (new System.Uri (imgPath)) 
        let source = 
            if s.Format <> PixelFormats.Bgr32  
            then new FormatConvertedBitmap (s, PixelFormats.Bgr32, null, 0.)  
                 :> BitmapSource   
            else s :> BitmapSource 
 
        let width = source.PixelWidth 
        let height = source.PixelHeight     
 
        //Create an array to hold each channel of each pixel in the image. 
        //The array is created in which all of the elements are initialized to zero bytes 
        let pixels = Array.create (width * height * 4) 0uy 
        source.CopyPixels (pixels, width * 4, 0) 
        Some pixels   
      with 
      | :? System.NotSupportedException -> None 
 
 
  /// Combines the given R, G, B values (8 bits each) 
  /// into a single byte, discarding the least significant 
  /// bits. 
   let to8bpp red green blue = 
    /// Discard the least significant binary bits of each color component 
    /// using the binary right shift operation, to get 2 bits for blue, 
    /// 3 bits for green, 3 bits for red (RGB). 
     let b = blue >>> 6 
     let g = green >>> 5 
     let r = red >>> 5 
     ///Combines the rgb values into a single byte with a value of 255 or less and returns the 
value. 
     0uy ||| (r <<< 5) ||| (g <<< 2) ||| b 
 
 
   /// Converts 32-bits ABGR to 8-bits "truecolor": 2 bits for blue, 
   /// 3 for green, 3 for red (RGB).   
   /// Expects an array in form [ Alpha, B, G, R, Alpha, B, G, R, ... ] 
   /// Returns an array of pixels where each pixel is a byte (RGB). 
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   /// The alpha channel is discarded when the array is returned. 
   /// Having a smaller color space keeps the histogram size manageable.  
   /// Each pixel (being a byte) can represent one of exactly 256 colors. 
   /// Every pixel value is a pointer to a color in a 256-color palette. 
    let to8bit px32bpp = 
      [| for i in 0..4..((Array.length px32bpp) - 4) -> 
         to8bpp px32bpp.[i + 2] px32bpp.[i + 1] px32bpp.[i] //Calls the to8bpp function 
      |] 
 
   /// Creates the normalized color distribution from 
   /// an image. Returns a 256-color histogram. 
     let makeHistogram (fileName : string) = 
 
       getPixels fileName 
       |> Option.bind (fun pxs -> 
           let pixels8 = to8bit pxs 
 
           // creates an empty histogram 
           let histogram = Array.create 256 0. 
           let pixelCount = Array.length pixels8 
 
           // counts the number of occurrences of every color 
           for i in 0..pixelCount - 1 do 
               let color = int pixels8.[i] 
               histogram.[color] <- histogram.[color] + 1. 
 
           // normalize the histogram by dividing each value by the total number of pixels  
           // so that each color amount is a float value in the 0 .. 1 range, where for ex. 0.3  
           // means that a picture has 30% of pixels of that given color. 
           let normalized = [| for i in 0..histogram.Length - 1 -> 
                               System.Math.Round(histogram.[i] / float pixelCount, 4) 
                            |] 
 
           //A histogram "object" that returns the image "signature" 
           Some { Histogram.Data = normalized; FileName = fileName } 
         ) 
 
      //Kullback-Leibler divergence 
      let KullbackLeiblerDist p q = 
          Array.map2 (fun pi qi -> if pi = 0. 
                                   then 0. 
                                   else pi * log (pi / qi)) 
                     p q 
          |> Array.sum 
 
 
       //Cross entropy divergence 
       let CrossEntropyDiv p q = 
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           Array.map2 (fun pi qi -> if pi = 0. 
                                    then 0. 
                                    else pi * log (1.0 / qi)) 
               p q 
           |> Array.sum 
 
        //Jensen-Shannon distance using Kullback-Leibler distance 
        let JensenShannonDist p q = 
              let m = Array.map2 (fun pi qi -> (pi + qi) / 2.) 
                              p q 
              (KullbackLeiblerDist p m) / 2. + (KullbackLeiblerDist q m) / 2. 
 
 
         //Jensen-Shannon distance using Cross Entropy divergence 
         let JensenShannonEntropyDist p q =  
               let m = Array.map2 (fun pi qi -> (pi + qi) / 2.) 
                               p q 
               (CrossEntropyDiv p m) / 2. + (CrossEntropyDiv q m) / 2. 
 
 
          //Quadratic form divergence 
          let quadFormDistance (p : float array) (q : float array) = 
               Array.map2 (fun pi qi -> 
                               if pi = 0. && qi = 0. 
                               then 0. 
                               else 0.5 * (pown (pi - qi) 2) / (pi + qi)) 
                          p 
                          q 
               |> Array.sum 
 
 
           //Select one of the above divergence functions as distance used below. 
           let distance p q = 
              sqrt (JensenShannonDist p q) 
              //sqrt (KullbackLeiblerDist p q) 
              //sqrt (CrossEntropyDiv p q) 
              //sqrt (JensenShannonEntropyDist p q) 
              //sqrt (quadFormDistance p q) 
 
 
            //Returns the histogram closest to the given one. 
            let nearestNeighbor sample samples = 
              samples 
              |> Seq.map (fun s -> (s.FileName, distance s.Data sample.Data)) 
              |> Seq.sortBy (fun (fn, dist) -> dist) 
              |> Seq.head 
              |> fst 
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    //The following 4 lines of code were modified by K. Odoi 
    //The main function accepts a string parameter from the C# program that is calling it 
             let main (args : string) : string =  
               let query = args 
               let databaseString = __SOURCE_DIRECTORY__ + "\\images\\database-
images" 
               let images = databaseString 
           
//////////////////////////////////////////////////////////////////// 
 
               if not (Directory.Exists images) 
               then invalidOp "The samples directory does not exist." 
 
               if not (File.Exists query) 
               then invalidOp "The query image does not exist." 
 
               let queryImage = match makeHistogram query with 
                              | Some img -> img 
                              | None -> invalidOp "The query image could not be loaded." 
 
               let sampleImages = 
                 Directory.GetFiles (images, "*.jpg") 
                 |> Array.Parallel.map makeHistogram 
                 |> Array.filter Option.isSome 
                 |> Array.map Option.get 
 
               if (Array.length sampleImages) = 0 
               then invalidOp "The samples directory does not contain any valid image." 
 
               //Function returns image that is similar 
               let mostSimilar = nearestNeighbor queryImage sampleImages 
 
               //The following line was added by K. Odoi 
              //The path and name of the file found is returned to the C# program as a string 
               mostSimilar    
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