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ABSTRACT

The field of realtime image processing focuses on analysing and enhancing images
in real time. An effective way to accomplish this is to utilise both the central processing
unit (CPU) and the graphics processing unit (GPU) at the same time, to achieighése
possible performance. The CPU manages tasks such as sequential operations -and input
output, while the GPU is used for operations that can be done in parallel. Hienesal
processing of medical digital images requires the processing of an intage nesponse
guaranteed within a specified time. This time period should be within a couple of seconds
or less, so that images can be analysed and manipulated irtimeeaiedical scenario.

Realtime image processing has gained significance due teidtsspread use in
communication schemes involving video conferencing, video calls, innovative media, and
digital and mobile cameras. Because of this, image identification has recently become an
important research topic. The goal of this work is to developaitime digital image
processing system aimed at feature identification and classification.

This thesis presents a method which seeks to reveal normal and malignant tissues.
A method of digital image processing via rHale processing is designed &low
radiologists to detect abnormal tissues or cells, and then determine whether a tumor is a
carcinoma or beniglthough radiologist decisions remain the preferred way of detecting
nonpalpable cancer, the method in this thesis aims to make detegtiadiology trainers
and radiologists easier and more accurate than is the case with traditional techniques.

The research described in this thesis involves a toolbox with a number of different
filters, including classical high and lowpass filters, as we as various novel
morphological filtering tools. Edge and feature detection algorithms have also been added.

This thesis presents the first phase of the removal of noise from noisy images
(having a signato-noise ratio of 10% or more). Simulated noi§different types is added
to original images and then a variety of filters including mean, median, erosion, dilation,
opening and closing filters are applied. These filters are used to denoise the original images.
Erosion and dilation filters are the twasic filters in the area of mathematical morphology.
Although they are usually used at the binary level, in the present research they are used at
the greyscale level. Mean and median filters function in a similar manner, except that
median filters presge more important details in a processed image than is the case with
mean filters.

In addition to the aboveentioned filters, Laplacian filters are also utilised to
increase the contrast of edges, and thresholding techniques are then applied for a first
attempt at feature identification. Although the initial work was done in MATLAB, the
algorithm developed here is also implemented using CUDA on graphics processing units,
with the goal of implementing the system in real time or near real time. Moreone, so
algorithms related to segmentation and automatic identification features have been
developed in CUDA.
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CHAPTER 1: INTRODUCTION

1.1 Introduction

Realtime image processingfersto the analyssand enharementof images in
almostrealttime. In order to achieve the fastest possible performance, ierdgencement,
our approachwas to develomlgorithms that operate on both the central processing unit
(CPU) and the graphics processing unit (GPU)

I n todayos wor |l d, di gital I mages ar e
understand and perceive more via their eyes than with the other four senses. Much of the
information acquired by people is obtained through images. Thus, the human sense of
vision ard the science of mathematics are two aspects which are combined in the field of
image processing.

Digital image processing (DIP) is a widely used technology, with diverse fields of
application. Today, digital images have made an impact in almost all @réashnical
endeavour. For example, the technical revolution in medicine and particularly in medical
image processing plays a decisive role. Image processing is employed in many scientific
areas, such as:

1 Forensic science: DIP has many applicationhismarea, such as enhancing an

image or a short video clip captured by a surveillance camera.

1 Industry: DIP plays a significant role, for instance in detecting defective items

on production lines.

1 Information processing: DIP is useful for handwritingerpretation. Problems

associated with forgery and fraud can thus be addressed via DIP.

1



1 Computer aided diagnosis: Especially in North America, DIP is commonly used
in early breast cancer detection.
Digital image processing can be a valuable tool foptirpose of:
1 Image segmentation: Dividing an image into meaningful sections can provide
a useful approach in some task€h as monitoring tumor growth identifying
scarred or damaged tissue following a heart attack.
1 Image registration or matching: Paftame or more images of the same organ
of a patient can be extracted, to study a region of interest regarding human organ
or body tissues.

The use of digital images dates back to the 1920s, when newspaper pictures were
sent between London and New York gi@bmarine cables, a major breakthrough during
that era. The time required to transfer such an image was less than 3 hours; however, quality
was the greatest concern of researchers. This problem was addressed by means of a
photographic reproduction methodded on perforated tape [1, 2].

In the past century image processing has developed rapidly, and has became an
inextricable part of countless facets of daily life. DIP is an essential element of numerous
areas of application, including prominent fieldsts@as medical, military and industrial
machinery applications.

In medicine, image processing is used extensively in processmagsXand MRI
images and in simplifying the images. It can be used by doctors and radiologists to
diagnose, detect and recognsseious diseases. Althoughrays represent the oldest such
medical technology used to diagnose diseases, a wide range of other technologies have

been developed that also require image processing techniques [3]. DIP can be envisaged as



involving tenfundamentalcomponents(see Figure 1)in this thesis, Only the unshaded

processing stedsave beemised.

Outputs of these steps are generally images

Morphological —
Processing

—| Segmentation

Outputs of these steps are generally image

Image o
Enhancement Knowledge Base
[#:]
3y
Problem Image 2
Domain | Acquisition = g

Figure 1: Flowchart of image processing steps [2].

In image processing, the user enters an image into a processor, which processes the
image and produces a new image (see Figure 2) In the ptiessist| describe software

tool | developed which runs the main compute kerpnealsin Nvidia GPU



Input image Nvidia processor Output image

Figure 2: The basic technique of image processing.

The work in this thesis is focused on two areas: 1) morphological processing
filters, and 2) image filtering enhancements. Image enhancement is the process of
applying filters to an image, resulting in an image where a feature is more apparent and
more readily observable than in the original image. The human eye is the judge of image
qualty and the appropriateness of the filters used. Essentially, the technique of filtering
serves to enhance or highlight some obscure details or features of an area of interest.
Image filtering enhancement is one of the most attractive and easily appbscaDIP.

Morphological image processing is a method of extracting an area of interest in an
image which is helpful for the illustration and description of an image shape. Mathematical
morphological filters are very important DIP tools that are usaddoess various technical
problems. In fact, their outstanding performance is one of the main reasons why they are
commonly used in a demanding field such as medicine.

The identification of an area within a digital image at the -gegle level is a
challenging, complex task. For this reason, changing -gmje to a binargcale level

serves as an approach which can be applied to such problems [4].



1.2 Morphological Filters

There are many difficulties associated wiihary image processing applications
Noise easily destroys image quality and texture. This may lead to changes in the image
structure and content, resulting in degradation of image clarity, which in turn can pose
serious problems for tasks such as image segmentation. Noise in digital imagestanif
itself in various ways, including Gaussian néiaad sakandpepper noise Errors in an
image acquisition process are the result of noise and distortion which does not reflect real
intensities occurring in the original objects. Figure 3 illustrdeggradation of the digital
image that can occur due to noise.

Salt & Pepper noise to the original Image

oy —

Gaussian noise to the original Image

e PN 5

Figure 3: The image on the left shows the effect ofaattpepper noise on the digital image. The image on the right
shows the effect of Gaussian noise arisingriptransmission.

Digital images mg be affected by unwanted noidéisearises during the capture,
storage, transmission, processing, or conversion of images. Gaussian blur can be used as a

solution in order to obtain a smooth gisgale digital image with less distortion.

! Gaussian noise is statistical noise that has a normal probability density function (PDF).
2 Salt and pepper noise is a noise that occurs in images as black and white pixels.



There are both linear and ntinear approaches toltiering noise. Typical linear
filters include Fouriebased lowpass filters, and mean, Gaussiar boxcar filters.
Averaging, and median filters are useful approaches for removing noise [5]. Gaussian noise
is statistical noise that has a normal probabtiénsity function (PDF) (also known as
Gaussian distribution). In digital images, Gaussian noise arises during image acquisition
and transmission.

There are simple nelmear filters such as the median filter, which are used to
reduce noise. There are @lsnuch more complex ndmear approaches, such as
morphological filters. Morphological image processing filters address noise issues by
taking both the shape and structure of the processed image into account. Morphological
image processing is a ndinear operation that relies on the ordering of pixel values. A
series of nofinear operations are applied to the digital images, whether they are binary or
grey-scale images. A key tool used by morphological operations is a structuring element
(SE), also refeed to as &ernel It is a combination of submages that is applied to an
image for some properties of interest. Figure 4 shows various examples of SE that can be

used in digital image processing. The origin or center of the SE is always assigned to be 1

[6].
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Figure 4: Some SE shapes, with all centers equal to one.



The SEinteracts with the image to be processed, and is an essential part of any
morphological operation, including dilation, erosion, closing, opening, mean and median
filtering. It is represented by a matrix of any size or shape. In the present thesis research
the structuring elements used are squares with sizes 3x3, 5x5 and 7x7.

The size of the SES always much smaller than that of the image being processed.
The central value of the kernel, always assigned to be one, defines the neighbourhood
where the operation is to take place. Figure 5 shows kernels of different sizes, with zeros
or ones arounthe center. The size of the neighbourhood defines the level of interaction
between pixels and hence is in some sense related to the frequeaffy Thé smaller the
neighbourhood, the greater the frequency it will pass. In facEEmpays the same relas

the convolution kernel in linear image filtering.

AR olol1lolo olol1lolo I +0rign | A- the structuring element fits

C the image

| B - the structuring element hits
(intersects) the image

C - the structuring element neither
fits, nor hits the image

ARISUNSIRISIA S| ORISR  (ROS ORI RO

11|1!11111(.)1|
i

N
plam o] lola™lo]o] |o)o[T]0]o0

E | Structuring element
tle|eft]a| Jafjoftfofof [ofoft]ofo I
B
Square 515 elemen! Diamond-shaped x5 element  Cross-shaped SxSelemenl  Square 3x3 element

Figure 5: On the left are 3x3 and 5x5 structuring elements with various values: One is assigned to the origin, with
zeros and ones around it. On the right is an illustratdkernel operations.

Morphological algorithms deal with filters that extract some components from the
processed image. These components are helpful for describing and representing the shape
or clarity of an image. Morphological image processing is peréoiby moving theSE
center over all of the pixels in the image that is being processed. The size and shape of the
SE determine the size and shape of the processed image. The interaction of an image with

aSEis described by various morphological operagiand algorithms.



Morphological algorithms are used with binary images, and can also be applied to
greyscale images. Binary images are digital images that have no textural content (i.e.,
grey-scale or colour). The pixels of a binary image have only tvesipte values: Zero or
one, representing the two colours, black and white. Therefore, binary images are referred
to as twelevel or bilevel images. The digits or bits can be stored in memory as a bitmap,
referred to as a bit array [7].

In contrast, the pels of greyscale digital images carry intensity information. In
this case, black represents the highest intensity and white the lowest intensity, with

intermediate intensities being composed of shades of grey.

1.2.1 Dilation

Dilation is one of the twédundamental mathematical morphological operations or
filters used in digital image processing. Dilation is basically applied to binary osgady
images in order to increase the intensity of bright pixels through correlation with the
neighbourhood darlpixels. The dilation operation uses two images: The image being
processed, referred to as the active image, and the kernel or structuring element (SE). These
images can be represented by sets of pixels. The SE can be different sizes and shapes,
which detemine a precise modification of the active imag&e dilation of the active
image A, by aSE Z, is denoted byA @ Z, which depend on the size of the SE. Because
A andZ are two sets itheimage being processéB”?2), the dilation ofA by Z is defined

as in Equation 1.1:

=gl _H.QL §. = Equl.l



This equation defines the reflection Bfthat isobtained from the center of the
active image, and is shifted loy In other words, the dilation dk by Z is the set of all
pointsb whereZ is translated by, which is contained iA. The dilation filter generally
adds extra pixels to the inner and outer boundaries of the active Andges increases
the size of binary images. Thus, dilation expands arakeéns the narrow regions, and

changes the features around the edges. Figure 6 shows the steps of the dilation operation.

(a) (b) (¢)

Figure 6: lllustration of the dilation operation.

In Figure § Panel(a) represents the original image, (b) the image after using the
SE of four neighbouring pixeléa crossshaped SE)and (c) the final result of the dilation
operation. A background pixétero)is changed to a foreground pixXehe)if and only if
the pixel being processed has a foreground pixel ameighbour. Dilation thus changes
the original image by increasing the number of foreground pixels [9].

The dilation oftheactive imageA by the structure eleme#tcan also be performed
by displacing all pointbin Z which means thahe reflection oZ (&0 andA are overlapped

by at least one element. Based on this, Equation 1.2 can be expressed:

=L ‘H‘SL%r =R Equl.2



An example of dilation of binary images is shown in Figure 7. Here the dilation
operation is performed with SE of size 3x3, set to all ones. The result is shown on the
right-hand side of Figure 7. The new pixel values depend upon the pixel values of the
neighbourhood that is defined by the SE. Thus, a background pixel is changed to a
foreground pixel with a value of 1, if and onlyahy of the ones of the squa&E are
contained within the binary image background. If not, then the background pixel semain

background, with a value of 0.

| e
Fee,

-----

DILATION

Figure 7: Dilation with a square structuring element of size 3x3.

Figure 8 illustrates how the actual operation of dilation occurs via foady by
using the same 3x3 SE. In ordeperform dilation on binary images, the origin or center
of the SE is superimposed on each pixel, starting at the telpdedt pixel position of the
active image. The center of the SE is moved systematically over all of the pixels, until it
reaches the btwm righthand pixel of the active image. The value of the active image pixel
being processed becomes one, if any of the neighbourhood pixel values are equal to one.
Therefore, the new value of each pixel depends upon the pixel values of the SE
neighbourhod. When the center of the SE reaches the last pixel of the active image, some
pixels of the SE will be out of range of the border of the image. In this situation, a padding

operation must be used, and these pixels are assumed to be set to the valud8kero [

10
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Figure 8: Morphological dilation of a binary image. (This image is taken from www.mathworks.com) [8].

In greyscale morphology, structuringlements have a role similar to that of their
counterparts for binary images. A given image is processed to enhance particular
properties. Th&Eused with greyscale images is also referred to as a structuring function
(SF); however, it performs the samgeration as in the case of binary imagegréy-scale
SFbelongs to one of two main categories: Flat (dumensional) or noffiat. In this thesis,

a flatSFis used for medical images, as described in Chapter 3.

In fact, the use of gregcale images igery widespread, especially in digital image
processing. Mo s t of today 0 sbitmagesl Me®ié c an
approach permits 256 possible representations of colour gradation. Colour images are most
commonly represented by means of thd-greenblue (RGB) system. In comparison to
colour images, gregcale images require less information for each pixel, since shades
range only from black to whitdn binary images, the luminance is coded by one bit,
whereas in gregcale images, thlumnance is represented bybits. Greyscale images
are composed of a range of grey shades; where black represents the darkest possible shade

and white is the lightest possible shade.
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Morphological dilation operations for gresgale images are similar those for
binary images. The dilatiasperatiorof any imagef, by anyflat SF, b, at any pixel location

(x, y) can be expressed by Equation 1.3:
oo o i A@Qe iho o Equ.13

The two coordinateg andy represent the location of any pixel in an image. To
perform the dilation of a gregcale imagef, the center of &F, b, must be moved over
every pixel in the image. The output value of a pixel in the imBgehere that pixe
coincides with the Skb, is determined by selecting the maximum pixel value of the
neighbourhood values for the pixel that is being processed [2].

This process is illustrated in Figure 9, where the original image iedlitat using
a square SH, of size 5x5. Here the changes alear and noticeable; it can be seen that
the original image (shown on the left) has three small black dots, in the middle and lower
part of the image, which have been eliminated in the output image (shown on the right).

Moreover, the diagonal streakave been thickened.

- -

| = == | = =
—_ ] o = = —
et Bl ol B e
—_ ] o | — —
bt | b |t | |

Figure 9: lllustration of dilation operation on a gregcale image, with SF of size 5x5.
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If the SE b, is changed to size 3x®e result is slightly different (see Figure 10).
This is obvious in the whiteircles, where the black pixels in the input image disappear.
As described above, the processed image features become thicker. Even though it seems
that the dilation operation controls and shapes the result, it should be kept in mind that the

prime contraler in this procss is SF

1111
L 11

- -
1 | |

Figure 10: lllustration of dilation operation on a gregcale image, with SF of size 3x3.

There are some other lepass filter applications of dilation, such as bridging gaps,
where dilation is usetb enhance broken characters, for example. Figure 11 shows an
instance of poor resolution text, as can frequently occur in fax transmissions. Despite the
fact that human beings have the ability to read and recognise text with broken characters,
devices hae real difficulty deciphering such images. Bridging gaps is a solution that can
address this type of situation. Figure 11 illustrates a dilation operation wB&refaize

3x3 was used.

Histormcally, certain computer Historically, certain computer
programs were written wusing programs were written using
only two digits rather than only two digits rather than
four to define the applicable four to gdefine the applicable
vear. Accordingly, tha vaar. Accordingly, tha
company's software may company's software may
recognire a date using 00" recognize a date using *“00O*
as 1900 rather than the yvE=F as 1900 rather than the yeEar
2000. St 2000 .

== ea
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Samsung's latest flagship phone, Samsung's latest flagship phone,
excited! But I'm also confused. Is excited! But I'm also confused. Is
Verizon? Getting a straight answt Verizon? Getting a straight answ:

In the past, swapping a phone be  In the past, swapping a phone be
use different technologies for thei use different technologies for thei
while AT&T uses GEM (as does '  while AT&T uses GSM (as does

Sl m L

Figure 11: lllustration of the effecof dilation on a text sample with poor resolution.

A primary use of dilation is to increase the intensity of bright pixels by correlating
each pixel with the neighbourhood dark pixels. As a result of dilation, it can be expected
that the size of binary ing@s will increase. As explained in the following section, the
opposite happens in the case of erosion. Morphological algorithms are based on the two

operations of dilation and erosion.

1.2.2 Erosion

Erosion is the second basic mathematical morphological opeaatfiter in digital
image processing, which employs set theory by considering sets of pixels. These sets
represent objects in an image and in morphological operations. The erosion operation,
which was originally applied to binary images, is now alsalse greyscale images.
Erosion generally decreases the intensity of bright pixels through correlation with
neighbourhood dark pixels, as shown in Figure 12. In binary images, erosion shrinks

objects in the foreground.
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(a) (b) (¢)

Figure 12: lllustration of the erosion operation.

In this figure,panel(a) represents the original image, (b) the image after using the

SE of four neighbouring pixels, and (c) the final result of the erosion operaiion.
foreground pixel is changed to a backgrdynixel if and only if the pixel being processed
has a background pixel as andighbour. Erosion thus changes the original image by
decreasing the number of foreground pixels, thus shrinking objects in the foreground [9].
While erosion and dilation haveposite effects, both operations work with two images,
or arguments:

1) The input (active) image, whether binary or gsegle.

2) The kernel or structuring element (SE).
Thesearguments areepreseted assets ofobjects Structuring elements of different sizes
and shapes determine precise modifications of the active imhagesrosion of the active
image,A, by aSE, Z, is denoted byASZ, which produces a new set of images that depend
on the size of the SE. SinéeandZ are two sets iB”2, the erosion of by Z is defined as

in Equation 1.4:

=od {sdy = Equl.4
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The equation expresses the relationship that the sets of all p@rgsobtained from the
center of the active imagk, such thatZ is translated by, that is enclosed iA. Z is
assumed to be the SAS is the complement of the active image or set that needs to be
processed); and) is anempty setSinceZ must be included i, Equation 1.4 can be

expressed as shown in Equation.5:

=od  {sd,p= Equl.5

This equation provides another formulation. In fact, the erosion of the active image,
A, by theSE, Z, can be performed by displacing all the points obsmterZ. Since the size
of the SE affects the size of the processed image, all the pointsbahsist be located in
the SE. Thus, erosion and dilation filters perform opposing operations. Erosion removes
some pixels from the inner and outer boundaries of ttieeaimmage A. Erosion decreases
the size of binary images, shrinking and thinning the narrow regions, and changing the

features around the edges.

Figure 13 shows the effect of erosion on a binary image, using an SE of size 3x3.
The SE is moved over thenlary image so that the center SE pixel coincides with each
background or foreground pixel. The result of the operation is shown on theaighside
of Figure 13. The pixel values of the new image depend upon the pixel values of the
neighbourhood thasidefined by the SE. Thus, a foreground pixel remains a foreground
pixel, with a value of 1, only if the ones in the SE are all contained within the binary image
foreground. If not, then the foreground pixel is changed to a background pixel, with a value
of zero.
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EROSION

Figure 13: The effect of erosion on a binary image, with an SE of size 3x3.

Figure 14 illustrates how the actual operation of erosion occurs via fixed logic, by
using the same 3x3 SE. In order to perform erosion on binary images, the origin or center
of the SE iglacedon each pixel, starting at the top tatind pixel position fothe active
image. The center of the SE is moved over all of the pixels, until it reaches the bottom
right-hand pixel of the active image. The value of the active image pixel being processed
becomes one, if all of the neighbourhood pixel values are ¢quahe. Otherwise, it
remains zero. Therefore, the new value of each pixel depends upon the pixel values of the
SE neighbourhoodAs it was discusseth dilation, when the center of the SE reaches the
last pixel of the active image, some pixels of the SIEb& out of range, or on the border
of the image. In this situation, a padding operation must be used, and these pixels are

assumed to be set to the value zero.
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Figure 14: Morphological erosion of a binary image.
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Erosionoperations for gregcale images are similar to those for binary images. The
erosionoperationof any imagef, by anyflat SF, b, at any pixel locationx, y) can be

expressed by Equation 1.6:
©en o | ElQao ihw o Equ.16

In a manner similar to the dilation operation discussed in Section 1.2.1, the two
coordinatex andy represent the location of any pixel in an image. To perform the erosion
of a greyscale imagd, the center of 8F, b, must be moved over evepixel in the image.

The output value of a pixel in the imadewhere that pixel coincides with t1&F, b, is
determined by selecting the minimum pixel value of the neighbourhood values for the pixel
that is being processed [2].

This process is illusttad in Figure 15, where the original image is eroded by using
a square&E, b, of size 5x5. Here the changes are noticeable. It can be seen that the original
image (shown on the left) has three small black dots, in the middle and lower part of the
image; inthe output image (shown on the right), these dots have become larger. Moreover,

the diagonal streaks have been thinned.
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Figure 15: lllustration of erosion operation on a grescale image, with SF of size 5x5.
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If the SF, b, ischanged to size 3x&e result is slightly different (see Figure 16).
This is obvious in the vicinity of the white circles, where the black pixels have shrunk. As
described above, the processed image features become thinner. Even though it seems that
the erosion operation controls astlapes the result, it muse¢ kept in mind that thenain

controller in thisoperationis theSF.

‘111-

Figure 16: lllustration of erosion operation on a grescale image, with SF of size 3x3.

For anadditional illustration of the effect of using erosion on digital images, a
colour image was used, as shown in Figure 17. It can be seen that dark areas of the active
image were enhanced, and the original image was eroded. For each pixel, the erasion filte
correlates all pixel and luminosity values with the darkest pixel of the neighbourhood
pixels. As a result, dark pixels are added to dark areas and the pixel being processed may

be changed to a higher value, which creates some noise in the processed imag

Original Image Eroded Image

Figure 17: The effect of using an erosion filter on a colour image.
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Lastly, the primary function of erosion is to decrease the intensity of bright pixels
though correlating each pixel with neighbourhood pixels. As a resalosfon, it can be
expected that the size of binary images will decrease. As described in this and the previous
section, the components in a digital image are generally expanded by dilation and shrunk
by erosion. The effects of dilation and erosion filiensdigital images are summarised in

Table 1.

Table1: Summary of dilation and erosion operations.

Erosion Dilation

Depends on the structuring element used. Depends on the structuring element used.

If all SE values are flatesults tend to be darker. | If all SE values are flat, results tend to be bright

Dark details are either enlarged or added. Dark details are either reduced or eliminated.

1.2.3 Opening Filter

Other filters, such as the opening filter, can be built fddation and erosion filters.

From a morphological perspective, the opening filter is an algebraic operation which can
be extended to grescale images. The opening operation is a combination of two filters:
Erosion followed by dilation. The basic operatiaf the opening filter is to eliminate small
objects and dark pixels from the foreground, while large objects are to remain unchanged.
Small objects are removed from the foreground and placed in the background of the
processed image. In fact, in its maiifect the opening filter is similar to the erosion filter,
which tends to eliminate sonoé the bright foreground pixels on the edges. However, the

erosion filter is more destructive than the opening filter [11].

The opening filter generally smooths cam&om the inside, removes thin bumps,
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and breaks straight isthmuses. The opening operation filters a binary ecgteydigital
image, at a scale that is defined by the sizB@Mmain controller, which is tH&8E The size
of the SE is an important deor in removing noisy details and keeping the objects of

interest.

The opening of an active imag,by aSE, Z, is denoted byA o Z and is dependent

onZ. The opening operation produces a new set of images, as defined in Equation 1.7:

AocZ=(AB2)®Z Equl.7

Thus, the opening dA by Z is simply the erosion of a digitaktive imageA, by
SE, Z, followed by a dilation of the result bf. In other words, the opening operation
applies the erosion filter to the image of interest by usifde af a specified size, then
applies the dilation filter to the result by using the same SE. The opening filter requires two
inputs, the SE and an image to be opened. It eliminates stray foreground pixels by moving
them into the background. Figure 18 illages the steps of opening filter operation. In
Phase 1, the erosion filter is applied to the region of interest. Here (a) represents the original
image, (b) shows the application of the erosion filter, and (c) shows the result of the erosion

operation. IrPhase 2, the dilation filter is applied to the result of Phase 1.

Phase 1:Application of erosion filter.
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Phase 2:Application of dilation filter to the result of Phase 1.

Figure 18: lllustration of the opening operation, withcrossshaped SE of size 3x3. Phase 1 deletes some pixels, and
Phase 2 adds pixels.

Figure 19 provides a geometrical illustration of the details of the operation of the
opening filter. Assuming that is a flatSE, represented by a rolling ball, aAds a set of
pixels, the boundary of the opening filtéro Z, is created by all the poin#sthat are
reachedhlong the inner boundary éfasZ is moved inside this boundary. Subsequently,
the opening oA\ by Z canbe obtained by taking the union of Zlpoints that translate

and fit intoA. A

Figure 19: Geometrical illustration of operation of opening filter.

In the triangleA, Z is represented by a ball that moves along the inner boundary of
A. Since the opening operation on an image starts with the erosion operation, all regions

that are smaller than the size of the SE will be eliminated. Once this operation is followed
by dilaton, any bright regions that are similar to or larger than the size of the SE will retain

their original size. The opening operation is expressed as in Equation 1.8:
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Equation1.8 represents the un* hpetweerA andZ. The opening filter is obtained by
taking the union of translates Bfinto A. Combining Figure 19 and Equation 1.8 yields

the result shown in Figure 20. The shaded area inside triAngleresents the result of

applying the opening filteeo 4L,

Figure 20: lllustration of result of opening operation.

At the greyscale level, the opening filter operates in a manner similar to its
operation at the binary level. Figure 21 illustrates the operation of an opening filter on a
grey-scale image. Here it can be seen clearly that the opening filter has removed

background noise.

Opend Image

Figure 21: lllustration of opening operation on a gragale image.

A grey-scale opening filter consists of gregale erosion followed by grescale

dilation. Erosion is used to eliminate the noise associatédundesirable foreground
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pixels; however, it has the disadvantage that it could potentially affect all foreground
pixels. The opening operation overcomes this disadvantage by applying both erosion and
dilation to the digital image. In the case of erasithe position of the SE origin is
important, and the result depends upon it. In contrast, the result of the opening operation is

independent of the position of the SE origin.

1.2.4 Closing Filter

The closing morphological mathematical operation is one of ti@brdathematical
filters: Opening and closing. The closing operation can be applied to a binary image, and
can be extended to a gregale image. The closing filter, derived from the fundamental
operations of dilation and erosion, has an effect oppostteatmf the opening filter. The
closing operation is a combination of two filters: Dilation followed by erosion. It expands
the foreground boundaries and bright pixels in the regions examined, and shrinks
background pixels and holes in the same regionsther words, it fills in holes in these
regions. The closing filter has an effect similar to that of the dilation.fiHewever,

dilation is more destructive to the boundary shape.

The closing filter is sometimes used to fill in a particular background region of the
processed image. The closing filter is defined by the sitee@BE Therefore, the size of
the SE is important in removing noisy objects and retaining objects ofsnt€he closing

of a digital imageA, by a SEZ, is denoted byA « Z , and is dependent ah The closing

operation produces a new set of images, as defined in Equation 1.9:

AeZ=(A®2)SZ Equl.9
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Thus, the closing oA by aSE, Z, is achievedy the dilation of an active digital
image A, by SE Z, followed by the erosion of the result By In other words, the closing
operation applies the dilation filter to the image of interest by usiBif af a specified
size, then applies the erosiondiltto the result by using the same SE. Like the other filters,
the closing filter requires two main inputs, the SE and an image to be processed. It enlarges
the boundaries of foreground pixels and eliminates the background holes. Figure 22
illustrates thesteps of closing filter operation. In Phase 1, the dilation filter is applied. Here
panel(a) represents the original image, (b) shows the application of the dilation filter, and
(c) shows the result of the dilation operation. In Phase 2, the erosiomsfdigplied to the

result of Phase 1. In this illustration, the SE used is @baped, with sizex3.
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Phase 2:Application of erosion filter to the result of Phase 1.

Figure 22: lllustration of the closing operation, with a creshaped structuring element of size 3x3.

Figure 23 provides a geometrical illustration of the operation of the closing filter.
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Assuming thaZ is a flat SE represented by a rolling ball, aiAdis a set of pixels, the
boundary of the closing filteA « Z, , is created by all the poinkthat are reachealong
the outer boundary @k asZ is moved outside this boundary. Subsequently, the closing of

A by Z can be obtained by taking the unidratl Z points that translate and fit infa

Figure 23: Geometrical illustration of operation of closing filter.

In the triangleA, Z is represented by a ball that moves along the outer boundary of
A. Since the closingperation on an image starts with the dilation operation, all regions

that are smaller than the size of the SE will be enlarged. Once this operation is followed by
erosion, any bright regions that are similar to or larger than the size of the SE willfte sh

The closing operation is expressed as in Equation 1.10:

=ed © Lysd,p= Equl.10

Equationl.1@epresents the unic’ hbetweenA andZ. The closing filter is obtained by
taking the union of translates Biinto A. Combining Equation 1.10 and Figure 23 yields
the result shown in Figure 24. The shaded area inside tridngleresents the result of

applying the closing filter.
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Figure 24: lllustration of result of closing operation.

At the greyscale level, the closing filter operates in a manner similar to its
operation at the binary level. Figure 25 illustrates the effect of applying the closing filter
to a greyscale image. Here it can be seen that the closing filter has removed apise fr
the image. Although some image details have been lost, the result is still better than the

original noisy image.

Closed Image

Figure 25: lllustration of closing operation on a grescale image.

A greyscale closing filter consists girey-scale dilation followed by gregcale
erosion. Dilation is used to fill in small background holes; however, it has the disadvantage
that it could potentially distort all regions of background pixels. The closing operation

overcomes this disadvantagedpplying dilation to the digital image, followed by erosion.
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1.2.5 Mean Filter

The mean filter is another filter commonly used to reduce noise in medical images.
It is used to smooth digital images and to reduce intensity variations between a pixel and
its neighbours. In the case of a large mean filter, there are a number of large
neighbourhoods, which means intensive smoothing. Mean filtering i®rped by
moving the SEbver all pixels inthe active image. A SBf size 33 means that each pixel
has eighnheighboursThe origin of the SES moved over the imagehere the origin fits
entirely within the image boundaries. The processing software usually starts at the top left
hand corner of the active image. The value of the pixel being processed willdmedep
by the average value of the eight neighbouring pixels, for an SE of $8zd3e mean
filter averages the pixel value intensity in a region of interest. Assuming a matrix of size
mxn (herem=n), the mean filter algorithm can be expressed as shoyuation 1.11

[12].

wfhAQ —B ., B, QW Equl.1l

The variablesn andn repreent the size of the S& kernel. For example, the SE size can
be 33, 55 or A7. A convolution operation is used in calculating the average. Figure 26
shows an areaf interest from an image. At the top of Figure 26, the array on the left (a)
represents the image entered, the central array (b) represents a square S&®f aime 3
the righthand array (c) represents the result of applying the mean filter. The matrix (d)

below demonstrates the operation of the mean filter.
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Figure 26: Application of mean filter, with SE of size 3x3.

Each SE trasition produces a single output pixel. The value of the output pixel is
calculated by adding together and averaging the image pixel values for each cell. If all the
pixel values of the indicated area of array (a) are added together and divided by (for a
SE of size 33), the result of this averaging is: 27/9=3. The amount of filtering can be
controlled by the size of the SE. The larger the SE, the more blurred the result will be.

Figure 27 shows the effect of using a mean filter with different kerri@Emizes.

Salt and pepper noise

ot
5|
|

Gaussian noise

Figure 27: lllustration of the effect of applying a meandi with different SE sizes
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Mean filtering is used to smooth images. Increasing the size of the SE decreases
image noise, however image details willreduced. As shown in Figure 27, if the SE size
is large, for examplex7, the resulting image will be blurred and some image details will
be lost. Thus, if the SE is too large, mean filtering will not produce a significant
improvement in noise reduction@rfurthermore, the image will be very blurred.

A significant variation between the value of the pixel being processed and that of a
neighbouring pixel can also have an adverse effect on the result of mean filtering. For
example, Figure 28 illustrates mefdhering with a square S& size 3x3. Here it can be
seen that there is a very unrepresentative pixel value (58) which will affect the result of

mean filtering; this unrepresentative value arose due to noise.

Image SE Result
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Figure 28 lllustration of the effect of applying a mean filter to an image that has a single pixel with a very
unrepresentative value.

This unrepresentative pixel value (58) will lead to a blurred result, which creates a
problem if the user requires an output imagéh sharp edgesThis problem can be
addressed by median filtering, described in the following section; although often more
effective than mean filtering in reducing noise, median filtering requires longer

computation times.
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1.2.6 Median Filter

The median fter is a nodinear spatial filter that is used to reduce noise and smooth
images. Smoothing a digital image means reducing the variation in intensity between a
pixel and its neighbours. The median filter is walited to removing outlier noise such as

salt-andpepper noise, and is more effective than the mean filter in preserving edges.

For two nonlinear sets, X and Y, the median value of {X+Y} is not equal to the
median value of {X} + the median value of {Y}. For example, as shown in Figure 29, for
two sequences of length 3, the median of X is equal to 1, the median of Y is equal to 1, and

the median of X+Y is equal to 3.

Xy

01 2 012 001 2
median =1 median =1 median =3

Figure 29: A nontlinear operation: The median of X plus the median of Y is not equal to the me{arvdf19].

For intensive smoothing, a large median filter is necessary to achieve better results.
As in the case of mean filtering, median filtering is parfed by moving the Siver all
of the pixels in the active image, from the top-ledind cornerd the bottom rightiand
corner. With a SEf size 33, each pixel has eight neighbours. The median operation is
started by moving the origin of the SE over the image pixdisyre the center SE pixel is
completely within the image boundaries. The valu¢hefpixel being processed will be

replaced by the median value of the eight neighbouring pixels. In median filtering, the
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output pixel value is calculated as follows:

1. Sort the values of all eight neighbouring pixels into numerical order, and select the

middle value.
2. Replace the value of the pixel being processing with the middle value.

The calculation of the median value used in median filtering is illustrated in Figure
30. First the intensity values of all eight neighbouring pixels are sorted into nuimerica
order: 1, 1, 2, 2, 2, 3, 4, 4, 8. The median value, which is the middle value of the sorted
values is then selected: 2. In Figure 30, the array on the left represents the original image,
the array in the middle represents a square SE of skeith all ones, and the rightand

array shows the value of the output pixel obtained by applying the median filter [18].

Image
slalls]sls SE Result
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Figure 30: Median filtering: Calculation of the value of an output pixel, with SE of size 3x3.

Within the region ointerest, the median filter replaces each pixel value with the
median value of the neighbouring pixels. Median filtering is an effective operation for
reducing noise and preserving image details. Figure 31 shows the effect of using a median

filter with different kernel or SE sizes.

32



; Kernel size  3X3
Salt and pepper noise

]RR

L3 s e

Gaussian noise

Figure 31: lllustration of the effect of applying a median filter with different SE sizes.

Like mean filters, median filters smooth images; however, median filtering is more
effective in preservingnage detailslIf the size of the Sk increased, the output will be
smoother. The median filter is more effective in improving images and removing noise
than other filters are. As shown in Figure 32, in the case of median filtering, the presence

of a single unrepresentative pixel value amdine neighbouring pixels does not have a

significant impact.
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Figure 32 lllustration of the effect of applying a median filter to an image with a single unrepresentative pixel value.

Here it can be seen that the unrepresemtgixel value (58) does not affect the

result. However, although median filtering is more effective in reducing noise, it requires
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a longer time to perform computations and produce the processed image than is the case
with mean filtering. Figure 33 prades a comparison of the results of applying mean and

median filtering to an image.

Original image _ I\ms'. 1mage .

Figure 33: The results of denoising an image by applying mean (average) and median filtering.

Figure 33 and Table 2 illustrate the mdifferences between mean and median
filters. The mean filter is computationally simple. It blurs the result, but works with all
types of noise. The median filter is an ideal choice for the elimination edrsa@jiepper

noise.

Table2: Summary of the main differences between mean and median filters.

Mean filter Median filter

Simple and effective on all types of | Complex, but very effective for sadind
noise. pepper noise.

Blurs images, causing image details| Preservesmages detail.
be lost.
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1.3 Graphics Processing Unit/Graphics Processing General Purpose
Computing On Graphical Processing Units (GPU/GPGPU)

The first generation oGeneralpurpose computing on graphics processing units
programming wasarried outusing a shadebased framework; programmers had to learn
the details of rendering pipelines and graphics programming in order to use this framework.
A pipeline is a series of steps used by programmers to transform a 3D model into a 2D
representation. Gracs pipelines are implemented by two types of hardware: GPUs and
CPUs, with software such as OpenGL and DirectX. Initially, GPGPU algorithms were
complex and had to be mapped into pixel lightning or 2D/3D vertex transformations.
However,n 2007, Nvidia eleased the Compute Unified Device Architecture (CUDA) that
forms the basis for Nvidia hardware. CUDA utilises an extension of the C programming
language, permitting programmers to run programs directly on GPUs. Nvidia cards are
designed for and dedicatemlthe use of GPU44].

A GPU is optimised for accelerating graphical computations, and its architecture is
designed for processing vast amounts of data. Geperpbse computing on graphics
processing units (GPGPUSs) was not fully supported by all programming languages before
2007. This meant that graphics had to be handled by the controller of the video graphics
array (VGA), which organises image pixels and sends them to the output device [14].
Today, GPUs are used in a wide range of applications and devices.

In 2003, the floahg point performance of CPUs and GPUs was comparable,
however by the end of 2006, when Nvidia G80 cards were produced, GPU processing time
was about 60 times faster than that of CPUs (with Intel Core 2 Duo microprocessors) [13].

To explore the speed beinisfof GPUs, a noeequispaced fast Fourier transform was run
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on a GeForce 8800 GTX Nvidia card. The results showed that the acceleration could be
boosted by over 400%, which improved thread scheduling, data instructions and memory
access patterns. The optsation of the convolutiointerpolation kernel on a GeForce
8800 GTX Nvidia card (GPU) was about 110 times faster than the same kernel that was
run on an Intel Core 2 Duo microprocessor (CPU) [14].

This remarkable improvement encouraged researchergito fnr@cessing medical
scans such as magnetic resonance imaging (MRI) aray Xcans on GPUs. However,
there was a problem with using C or OpenGL programming languages, which were initially
not designed for generplrpose computingTherefore,in 2007, Nidia released the
CUDA programming language, which involves a new set of instructions and new
architecture. The availability of CUDA encouraged researchers to use GPUs as their main
computing devices, which has led to the establishment of CUDA as thdasised
architectural model and framework of many applications.

GPUs have thus developed from being only used for gaming tasks to being
employed for many computational processing applioatidlow GPGPUises the Nvidia
processor, which has a device corapi{nvcc), instead of using only the host (CPU)
compiler. Modern graphics processing units are designed for high performance and fast
processing time. Because these GPUs are priced for consumers, they provide an attractive
platform when fast processing &nms a primary requirement.

Most modern digital image processing applications in the neuroscience area are
computationally rich in image manipulation processing techniques, such as those required
to process CT scan,-bay and MRI images. For example, MRudies require powerful

reattime multiprocessor systems to process the complex interactions of the digital images.
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Although these powerful multiprocessor systems may be expensive for researchers, they
provide high performance, reduced processing time safficient results in real time.

For such applications, the use of modern improved graphics processing units
(GPUs) now far outweighs that of central processing units (CPUSs), especially when real
time processing performance is a concern.

The main diffeence between a CPU and a GPU is that a CPU has fewer arithmetic
logic units (ALUSs), caches, and control units than is the case with a GPU. This is illustrated
in Figure 34

Control ALU ALU

ALU ALU

CPU GPU

Figure 34: Comparison of CPU and GPU architectUtb).

A GPU contains many ALUs for arithmetic and logical operations. In order to
ensure fast processing times, there is a high ratio of ALU operations to memory operations,
allowing efficient parallel processing. In fact, fast processing times are argrim
requirement for any graphical application. Parallel processing technically means
processing a set of pixels and allocating the threads simultaneously. If quickly processed
results are a priority, software can be modified to be suited to CUDA, andoith&et
code can be run in parallel on a GPU card.

With CUDA, many genergburpose image processing applications can use a built

in toolbox, such as the parallel computing toolbox (PCT) or image processing toolbox
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(IPT), so as to achieve agate, highspeed processing [14For this thesis, the code has
been written with a buiin toolbox in order to accelerate the processing time and take
advantage of the resources of the GPU.

Many modern digital medical image processing applications use graphics
procesing units as a powerful graphics engine. The GPU has outpaced the CPU due to its
high-capacity parallel programmable processors, featuring high performance, peak
arithmetic capabilities, and fast memory access.

Generalpurpose graphics processing unitsP@&@PU) are used to improve the
processing time of many applications. GPUs are integrated with a large number of
processing units, which provide excellent performance for parallel processing. Two
techniques are employed to achieve GPU parallelism:

1. Single ingruction, multiple data (SIMD).

2. Single program, multiple data (SPMD).

SIMD is a single instruction stream model, however, it can run on many GPUs at the same
time. SPMD is a multiple instruction stream model, and can run magygms on the

same CPU systes.

1.4 Application of CUDA

GPU speed has addressed problems of processing complexity and programming
capacity. While the general concept of image processing algorithms is to treat or process
all pixels in series, the newest technology of Nvidia cards can process pixels in parallel.
Because the GPU can process vast numbers of images in parallel, it plays an important role

in many medical image processing applications.
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The Nvidia hardware is based on Compute Unified Device Architecture (CUDA),
which uses a programming language tean extension of the C language. With the use
of CUDA, programmers are able to run programs directly on GPUs. Nvidia provides its
own compiler, the nvcc compiler, and programs written for CUDA can be run on Nvidia
cards. Programmers can modify programsoadingly, if the main goal is parallelism.

CUDA involves two main parts:

1. The host: This is where software executes on the CPU.
2. The kernel: This is the part on Nvidia cards, where software executes on the GPU.

Below are some examples of the wide rangepgiications of CUDA:

1. Implementing fast MRI gridding oGPUs via CUDA[28].
2. Performance Study of Satellite Image Processing on Graphics Processors Unit

Using CUDA [29].

3. Performance Measurements of Algorithms in Image Protg30].
4. Parallel Biomedical Irage Processing witBPGPUs in Cancer Reseaf6i].
5. Image Processing Application on Graphics pssceq32].

6. Neural Network Implementation usit@JJDA and Open MR33].
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CHAPTER 2: METHODS

2.1 Introduction

Modern graphics processing units (GPUs) have been designed for high
performancesingle instruction, multiple da{&IMD) processing. Although images can be
processed by CPUs, this computing revolution has made GPUs an attractive platform for
parallel procssing in diverse applications. However, developing efficient geperglose
code for graphiceptimised architectures is a significant challenge.

There are many morphological algorithms used to enhance or improve digital
images. They are important tooisthe medical world, for example allowing radiologists
and other medical professionals to improve the image quality of a large number of images
very quickly. The algorithms developed in this thesis, which are implemented on modern
Nvidia GPUs, can processany frames within milliseconds, rather than seconds. These
algorithms read digital images in a variety of formats and process them within only a few
milliseconds. This is accomplished by using:

1 Modern graphics cards (originally used for gaming purpdsgisnow applicable
for high-speed generglurpose computations).
1 Fastimage data processing on a CPU, while the GPU uses maodtiplprocessors

(up to hundreds in modern generations, e.g., the Nvidia GeForce GTX 860M 4GB).
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2.2 Noise Suppression

In digital image processing, noise arising during image acquisition or image
transmission can easily corrupt images. This makes noise suppression an important
concern. There are many types of noise, such as Gaussian sartigapper noise, which

occur in digital mages.

In daily life, digital images exist everywhere, in applications such as mobile
devices, television, medical scanners (e.g., MRl and CT), and geographical and
astronomical systems. Noise has a serious impact on digital images, since it can degrade
important details in an image. Thus noise remains a major challenge and concern in many
digital image systems and applications. One of the simplest mathematical methods that is
used to remove noise from digital images is the median filter, which is ohe ofdst
useful filters for treating salindpepper noise. It is a very effective noise removal tool if
and only if the noise does not affect the image edges, because the median filter works only
on low noisalensitieslf the effect of noise on the image edges exceeds 50%, image details
will not be preserved completely and denoising the image will result in a blurred image

[24] [25].

In medical images, noise can randomly affect image pixels, leading to changes in
some mage pixel information or image brightness. Such noise is inadvertently produced
by many electrical machines and devices, for example, device sensors and medical MRI
and CT scanners. Due to this unwanted noise, digital image quality and details can easily
be degraded and changed. An image restoration process must be applied in order to restore

the original image. This is an operation that is applied to a corrupted or noisy image in
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order to recover the original image [26]. Problems of noise in digital inmaye
encouraged researchers to continue studying the behaviour of noise and its impact on
images. In this thesis, noise removal techniques are based on my morphological algorithms.
In this research, the aim is to reduce noise and improve the image appeaithin a few

milliseconds. The algorithms used atewn in the following section.

2.3 Computational method

Themethods used in this research were based otinealdigital image processing
techniques. In the first phase of the thesis, the work was sedutaMATLAB; the results
are presented in Section 3.2. The next phase was to utilise C#, one of the most common
general programming languages, as presented in Section 3.3. Lastly, the code was written
in CUDA and implemented on a Nvidia card. The primalatform of the program is the
CUDA application, which contains the main program and the kernel. The CUDA kernel is
a function that is called by the software from the host, and is run simultaneously on the
device, in parallel. The main program contains myrphological filters. The interface
between C# and CUDA parallel computing is shown in Figure 35. Once the GPU finishes

processing the image, it transfers the processed image back to the CPU memory.
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Figure 35: Simplified flowdart of the digital image processing.

Figure 36 shows the image processing steps, starting with image acquisition and
ending with the final result&s represented bwrrows. In this thesis twalimensional
images were used. Digital images employ fouaging techniques; because of the concern
with medical images, this research focused on-goaye processing. The morphological
filters were involved with mathematical algorithms and segmentation. Image segmentation
is the technique of dividing a medigéalage into parts or sets of pixels. This segmentation

is used to simplify an image into segments that have meanathat make analysis easier.
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Figure 36: Image processing steps applied in this research.

2.4 Implementation

In this research, the algorithms were implemented on CPU and GPU processors.
The GPU was used primarily for parallel processing purposes. Table 3 shows the main

features of the hardware and software used. The Nvidia Geforce 860M GPU provides 40%
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higher peformance than that offered by other Nvidia models. This Nvidia CUDA has 1152

cores, which make it faster and provide an advantage over th¢32PU

Table3: The main features of the hardware and software used in this research.

Hardware Setup
CPU Intel Core i7i 4710HQ 2.5GHz.
Main RAM 16GB, DDR3
GPU Nvidia Geforce GTX860M, Intel HD
Graphics 4600 chipset.
Graphics RAM 4GB, GDDRS5, 128bit interface
CUDA Cores 1152
CUDA compute capability 3.0
Software Setup
Operating system MS Windows 8.1 x64
Compiler MS Visual Studio professional 2013 x64
CUDA version CUDA 6.5.14
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CHAPTER 3: RESULTS AND DISCUSSION

3.1 Introduction

Most of the modern digital image processing techniques are computationally rich
of imagemanipulation processing techniques such as what is using to process CT-scan, X
Ray and MRI images. Lately, many researches and studies especially on the neuroscience
area have become a very important topics and too many papers are generated every year!
For example, the MRI (Magnetic Resonance Imaging) studies are required a high powered
real time multiprocessors systems to process the complexity and the interaction of the
digital images. Although these powered multiprocessors systems may be expensive to
researchers, these multiprocessors systems provide high performance, less processing time
and sufficient results in redime.

The modern improved graphical processing units (GPUs) have dwarfed the use of
central processing units (CPUs) especially when the processing performancdimeeal

iS a concern.

This chapter shows the power of the GPU by comparing CPU sequential
(MATLAB and C# algorithms with GPU computational (CUDA) algorithms on the
Nvidia card Geforce GTX 860M. Here it is proved that the speed and performance of digital
image processing can be accelerated by applyinginealparallel processing techniques

through he use of the GPU as a digital processor.

In the present research, the speed and performance of the proposed approach for

processing digital medical images was investigated by using three different programs:
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1 The original DIPS package was written in MATLABd implemented on a Lenovo
Y50 computer. This served as the standard for subsequent work. The performance

of all other software was compared with the MATLAB results.

1 Once all of the DIPS algorithms were implemented in MATLAB, a package was

developed in C#capable of reading, filtering, analysing, and displaying images.

1 Once all of the algathms were implemented in MATLAB and Ca#new package
was developed in CUDA and implemented in Nvidiae package was tested with

a wide variety of images and wasosvn to be robust.

This chapter is organised as follows. First the simulation results, which were
implemented in MATLAB, are presented in Section 3.2. These results were used as the
standard, and the quality of all subsequent work was compared with tremauie that
the algorithms worked. Section 3.3 shows the results obtained from the C# package.
Section 3.4 presents the results from the package with the fully implemented CUDA kernel,
and Section 3.5 summarises the performance of the three packagegetted, the
CUDA significantly outperformed the C# program, which significantly outperformed the

MATLAB implementation.

3.2 Matlab Application

In the first experiment, the simulation was implemented with the MATLAB
application, in order to calculate the total processing time for many selected digital images.
The main goal of this work was to ensure that my algorithms were implemented correctly

and, as mentioned above, to set standards to form the basis of comparison with subsequent
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work. The processing time required was dependent upon the size of the image and the type

of filter used. The processing time results are analysed:

1 For the different op&tions or filters, i.e., erosion, dilation, opening, closing, mean

and median filters.
9 For structuring elements (SE) of different sizes, i.e., 3x3, 5x5 and 7x7.
The use of the GPU as a digital processor is described, and processing times of the
following three methods are compared:
1 Simulation and analysis via CPU by using the MATLAB application.
1 Processing digital images via CPU by using the C# programming language.
1 Processing digital images by CPU using C++ programming language.

1 Processing digital imagesia GPU by using CUDA for redlme parallel

processing.

Figure 37 shows the effect of image noise, as processed by the MATLAB
application. MATLAB reads the image and processes it, to simulate and demonstrate the

characteristics of the digital image.

48



Original Image Noise Added to The Image
T B A

a

Figure 37: lllustration of the effects of noise, before processing of the image to reduce these effects.

In Figure 37, the original image is shown on the left, and the image to which noise
has been added is shown on the righis demonstrates the effect of noise on a digital
image, and how noise can reduce the quality of an image. Digital images in particular are
exposed to many sources of noise, and the application of morphological filters helps to
reduce this distortion. Thapproach used in this research was tested in the MATLAB
environment with a variety of filtergnd with SEof different sizes. The following filters

and structuring elements were used:

1. Erosion filters with SE of sizes 3x3, 5x5 and 7x7.

2. Dilation filters with SE of sizes 3x3, 5x5 and 7x7.

3. Opening filters with SE of sizes 3x3, 5x5 and 7x7.

4. Closing filters with SE of sizes 3x3, 5x5 and 7x7.

5. Mean filters with SE of sizes 3x3, 5x5 and 7x7.

6. Median filters with SE of sizes 3x3, 5x5 and 7x7.
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For example, th@rey-scale erosion opation with a square S&f sizes 3x3, 5x5
and 7x7 computes the minimum intensity values for each pixel. The result of applying an
erosion filter to a gregcale image is that bright pixels are reduced and dark pixels are

increased.

Figure 38 shows the effect of applying an erosion filter to an image with a dark
background. The firstimage shown is the original image (A). The second image, with salt

andpepper noise (B), is assumed to be the transmitted image to be processed.

The resit of using the erosion filtewith a 3x3 square SE shown in the third
image (C); here it can be seen that most of the noise associated with bright pixels has
disappeared. A similar effect can be observed when the noisy image is ertdadb x5
squareSE (D). However, although noise is removed when the imagedded with a 7x7
SE(E), it can be seen that the rest of the image has been degraded significantly. The optimal
SE size is dependent upon the severity of the noise. In the example showmer38;jdie

3x3 square SEemoved the noise with less impact on the picture details.
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Onginal Image Add Moise to Original Image

Figure 38: lllustration of the effect of applying an erosion filter with different SE sizes. Image A is the original image,
and image B hasaltand-pepper noise. Images C, D and E show the effect of using an erosion filter in terms of keeping
the original image details; square structuring elements of size 3x3, 5x5 and 7x7 were applied, respectively.

The primary effect of an erosion filter g erode away the boundaries of regions
of foreground pixels. Thus, this filter is typically used to erode white pixel noise. This
causes areas of foreground pixels to shrink in size, and holes in the foreground to become
larger. The erosion operation rewes any foreground pixel that is not completely
surrounded by other white pixels [10]. Figures 38 and 39 illustrate two useful filters that
may be employed to remove noise from a digital image. The erosion and dilation filters are
the two basic filters ithe area of mathematical morphology. Whereas erosion decreases

the intensity of bright pixels which may contribute to noise, the opposite is the case with
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the dilation operation, which increases the bright pixels. Figure 39 shows the impact of
applying tte dilation operation. An SE of size 3x3 is gengrdie most effective SEhat

is commonly used for dilation and erosion. However, other sizes could be used. For
example, an SE of siZ&x7 is quite a large SEvhich produces a more extreme effect in

ternms of dilation and erosion.

Add Noise to Original Image Dilate the image with a 3=3 structuring element

Figure 39: lllustration of the effect of applying a dilation filter with different SE sizes. Images B, C and D show the effect
of using a dilation filter with structuring elements of size 3x3, 5x5 axid, Tespectively.

Note that in Figure 39, the borders of shapes in images B, C and D have been
rounded off. Dilation usually increases the white pixels: This means that a bright region
that is surrounded by a dark region will grow in size, while a dgikmehat is surrounded
by a bright region will shrink in size. Therefore, small dark spots will be eliminated and

bright spots will become larger.
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Some other morphological filters, such as the mean and median filters, provide
more accurate operations fdealing with noise. The use of median and mean filters is
preferred for the reduction of Gaussian noise. They preserve edges while eliminating noise,
and are widely used in retime digital image processing. Figure 40 illustrates the

application of dilabn, mean and median filters to a noisy image.

Noise Added to The Original Image Dilate the image with a 3=3 structuring element
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Figure 40: lllustration of the effect of applying dilation, mean and median filters with a 3x3 square structuring element.
Images B, C and D show the effect of using a dilatieegan and meanfilter, respectively

The application oimedian and mean filters can keep the details of a processed
image clear and readable. This is shown in Figure 41, where a detailed image is almost
obscuedby noise (A. Here, medianR) and mean (Tfiltering result in clear images with
many details. Prior to the application of these filters, the noisy image is so

incomprehensible as to be practically meaningless.
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Figure 41: lllustration of the effect of applying median ame:an filters with a 3x3 square structuring element. A
shows the noisy image, and B and C show the effect of using a median and mean filter, respectively.

While previous sections describe the results of applying morphological filters to
digital images irtheoretical terms, the present discussion demonstrates the power of using
such filters to eliminate noise. For this research, MATLAB was used as a tool for
simulation and comparison purposes; the following section describes the work with the C#

programmindanguage.

3.3 C# Strategy

C# and C++ are objedriented computer programming languages. Whereas C++
is a highlevel programming language, C# is intermediate level. C# is an extension of the
C language, and includes a graphical operation system and grajgeicadterfaces (GUI).

In this section, C# is used to process digital images. As described in Chapter 1,
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morphological image processing is a collection of-hoear operations and techniques
that can be used with digital medical images to remove namke{o enhance, recover,

segment and extract features, etc.

In this research, C# was used because it is flexible, powerful and simple. It can be
used to create a variety of applications. Based on the code employed, users are able to see
when applications dgin moving pixels or changing their values. Six morphological
methods or operations for digital image processing were addressed: Erosion, dilation,
opening, closing, mean and median operations. These methods were used for noise
reduction with structuringlements (SE) of equal size. In order to compare the processing
time of these six filters, MATLAB, C# and CUDA were used to create applications. For
these experiments, the environment of Visual Studio 2013 was employed. The C# language

was used to procesgyital images with a central processing unit (CPU).

The execution time of the C# CPU code was significantly faster than that of
MATLAB. Figure 42 shows a snapshot of the code and the application platform. An easy
to-use graphical user interface was oedatit incorporates a series of buttons, windows
and a dropdown menu, allowing the user to choose the images to be processed and the

filters to be used.
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This semiautomatic approach permits users to select the filter most appropriate for

the image setding processed.

Figure 42: Snapshot of the codes for the morphological operations, and the main platform of the application.

Figure 43 shows the code and application platform in greater detail. Part A of Figure
43 illustrateshe main entry or starting point for the medical image processing program.
Part B shows a snapshot of the main code, where most of the operations and functions are
applied and run, and part C shows the application interface, which represents the platform
of the project. This platform enables users to select and apply any digrednd SEor

kernel values.
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Part B: Snapshot of main codes for the morphological operations.
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Part C: Snapshot of platform for the morphological operations.

Figure 43: lllustration of the main windows of the project. Parts A and B illustrate the codes and Part C represents the
main platform of the application.
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Figure 44 shows screenshot of the user interface for the C# software. The features
provided incude filter icons, a Skkernel) dialog box or dredown list, and a progress
bar. The droglown list allows users to choose an SE size of 3x3, 5x5 or 7x7. Users can
easily maipulate the SE values and apply any selected filter simply by clicking the desired
options. The window depicts the original and gsegle images, as well as tl&

morphological operations.

o Morphological Operations -

GrayScale Erosion Dilation
Gaussian Variance 1000

Open Fiter Close Fiter Mean OUR THOUGHT

Figure 44: The morphological operatits platform. The top lefiand image is the original image, followed by the
grey-scale image. The subsequent images show the effect of using the erosion, dilation, median, opening, closing and
mean filters.

Additive noise in particular, such as Gaussiais@ and salandpepper noise,
which affect digital images, can be removed by a variety of mathematical methods.
Morphological filters were developed in C# for noise reduction in digital images. Figure
45 illustrates the effect of applying the morpholadifilters to a noisy image. Although

the erosion and dilation filters remove noise from the image, the flower stigma appears a
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little darker than the original gregcale image in the erosion result, and a little brighter in
the dilation result. Erosion deces noise but makes foreground objects shrink in size,

whereas dilation reduces noise but causes foreground objects to increase in size.

In contrast, the opening filter involves an erosion operation followed by a dilation
operation. This causes foreground (bright) objects to shrinkin sizzanol o t folifjess t h e
contours by removing some pixels from the edges. The opening filter opsnailasly to
erosion, however, it is less destructive than erosion. Conversely, the closing filter involves

a dilation operation followed by an erosion operation: This enlarges foreground (bright)

boundaries, but is less destructive than dilation.
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Figure 45. Snapshot of the C# morphological operations platform. The toghdefdl image is the original image,
followed by the gregcale image. The subsequent images show the effects of using filters.
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Mean filtering reduceshe noise by reducing the amount of intensity variation
among pixels. Mathematically, it replaces the value of each pixel in an image with the
average value of the neighbouring pixels. Thus a mean filter changes the value of pixels
that are unrepresentative of theurroundings. Median filtering is likewise used to reduce
noise in a digital image, however it is more effective than mean filtering in preserving

useful eetails of the processed image.

Figure 46 illustrates the difference between mean and median filtering operations.
Whereas mean filtering replaces each pixel value with the average value of neighbouring
pixels, median filtering replaces each pixel value with the median value of neigigbour

pixels. Here it can be seen that median filtering is better suited to preserving image details.

Figure 46: lllustration of the effect of mean filtering (Idfand image) and median filtering (rightand image).

3.4 CUDA Strategy

In this research, digital image processing algorithms were implemented by using
Nvidia's CUDA (Compute Unified Device Architecturgechnology. Genergurpose
computations can be executed on a CUEapable graphics card in fast parallel
processing. A ajor objective was to determine the performance enhancements achieved

by using the image processing algorithms implemented in C# and to compare these with
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CUDA. The comparison of the GPU time measurements with the CPU reference
implementations shows theredit of using CUDA in the image processing algorithms.

This research has devpled the proposed approach on CUBRAarallel computing
platform and application processing interface (API). Computing performance is increased
dramatically by employing the power of the graphical processing unit (GPU)-Iéligh
programming languages such as those used with CUDA alfplications to gain
efficiency by running the sequential part of their workload on a CPU, while moving
sections of code that can be executed in parallel to a GPU. CUDA was developed for
applications that are inherently parallel, which can take advantége $fMD architecture

of the GPU to achieve a significant reduction of overall execution time.

There are two main factors to be considered in relation to digital image restoration
with morphological applications: The accuracy of the image restoratiotharekecution
time. The algorithms in the present research deal with reducing the effects of noise arising
due to external sources, such as Gaussian noise caused by poor illuminatiorarak salt
pepper noise resulting from transmission errors. The useNfidia GPU significantly
decreases the total execution time. In order to access the parallel processing units of the
video card, the main application transfers the digital image back and forth between the

computer RAM and the Nvidia graphics card RAM.

Although transferring images between the computer RAM and the graphics card
RAM adds a small overhead in terms of time required, this is still considerably less than
the time which would be needed for processing in the CPU. The processing time required
by the GPU depends upon the SE size and the Nvidia card used. The present research
employed the Nvidia GeForce GTX 860M 4GB and the Intel Coré7I0OHQ for
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performing digital image processing.

The GeForce GTX 860M has various types ofchip memory. In thigroject
texture memory, optimised for 2D spatial access patterns, was used to speed up memory
access. Figure 47 illustrates the relationship and communication between different types of
memory. The texture memory space works as a pointer to an alreaugddaéita set. The
disadvantage of using texture memory is that it is-edy and cannot be used to write

data back to the global memory.

Host Device GPU

Multiprocessor
Multiprocessor

Multiprocessor
Registers
Shared Memory

| Chipset |

DRAM

Figure 47: lllustration of communication between the device RAM and Nvidia RAM.

Texture memory serves as a container of one or more images, and makes the data
available to the GPU. Tables 4 and 5 provide a brief summary of the different types of

CUDA memory, illustrating the main features and differences.

Table4: Summary of CUDA memory types showing the features of each type of memory.

CUDA MEMORY FEATURES
TYPES

GLOBAL MEMORY # It is slow and uncached.
# It requires sequential and aligned-bgte read/writes to be fast.

SHARED MEMORN\ # It is fast busubject to bank conflicts.
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# Permits exchange of data between threads in block.
TEXTURE MEMOR # Its cache is optimised for 2D access patterns.

# Data can be accessed by different variables in a single operatic
LOCAL MEMORY | # Is used for whatever doe¥iit into the registers of global memory
# It is slow and uncached.

CONSTANT # Its constants and kernel arguments are stored.

MEMORY
# It is slow but cached.

Table5: Summary of CUDA memory types showing the location, acergse and lifetime of each type.

Memory Location Cached Access Scope Lifetime
Local - Off-chip NO R/W One thread Thread
Shared | Onchip NO R/W All thread in a block  Block
Global \ Off-chip NO R/W All threads + Host Application
Constant \ Off-chip Yes R All threads + Host Application
Texture | Offchip Yes R All threads + Host Application

The lefthand image in Figure 48 illustrates the interface menu that permits users
to access Xay images. In this menu there are 20 options from which to chiabsdied
sequentially from A to T. For each type of filter, there are three SE size opti@n&«<3
and 7. Thus options A, B and C are assigned to the erosion filter; D, E and F to the
dilation filter; G, H and | to the closing filter; J, K and L t@tbpening filter; M, N and O
to the mean filter; and P, R and S to the median filter. In addition, the option Q refers to

Quit, and T refers to the original image. These options are summarised in Table 6.
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' C\MorphusFilter\MorphologicalFilter\... - =

sdkFindFilePath <1.bmp> in ./common/data/
sdkFindFilePath <1 .bmp> in ./data/

: QUIT

: display Image
: Morphological
: Morphological
: Morphological

: Morphological
: Morphological
: Morphological

(no filtering)

Erosion 3x3 (Using Texture)
Erosion 5x5 (Using Texture)
Erosion Tx7 (Using Texture)
Dilation 3x3 (Using Texture)
Dilation 5x5 (Using Texture)
Dilation Tx7 (Using Texture)

: Morphological Close 3x3 (Using Texture)
IlH: Morphological Close 5x5 (Using Texture)
lI: Morphological Cleose 7xT7 (Using Texture)
: Morpheological Open 3x3 (Using Texture)
: Morphological Open 5x5 (Using Texture)
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Figure 48: Left: CUDAInterface menu. Right: Filtered-bay image.

Table6: Letters indicating type of filter and size of structuring element size used.

Operation SE=3x3 SE=5x5 SE=7x7
Erosion A B C
Dilation D E F

Close G H I

Open J K L

Mean M N O

Median P R S
Quit/Original image QIT

The effect of each of these filters on a noisy image is very different. Figure 49
illustrates the application of each of the morphological filters. The SE or kernel size plays
a major role and can affect thesult of any filter applied. Therefore, users should select

which filter to use depending on their needs.
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Figure 49: lllustration of the application of morphological filters to anrXy of the human head. A shows the input
imageand B shows the original image with no noise. C shows the effect of applying the erosion filter, D the dilation
filter, E the median filter, F the opening filter, G the closing filter, and H the mean filter.

In Figure 49 C (erosion), in comparison to drginal image the dark details have
increased and the bright pixels have greatly decreased. In image D (dilation), the dark
details have been reduced or eliminated and the bright pixels are more evident. In image
E, the median operation has removed nbs@ the image, which preserving the shape of
the edges. In image F (opening), the foreground pixels or regions that have a siape sim
to that of the SlBave been preserved, while other pixel values have been changed. In image
G (closing), the brightdreground pixels on the boundaries have increased, whereas the
background pixels have decreased. In image H (mean), the amount of intensity variation
has been smoothed and pixel values have become more similar to those of neighbouring

pixels.
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The CUDA toobox processes digital images much more quickly than C# or
MATLAB. The processing time depends upon the size of the image. For example, an
images of size 1024x1024 requidebetweer28.64 ms to 934.44 niser processg by the
Nvidia processor (GPUHepending on the filter used compared with a tirsef between
5,446ms to 16,210ms for the CPU. The processing times measured will be discussed in
detail in the following section. In these experiments, the results demonstrate that the
processing spekeachieved by using CUDA is much faster than that of C# or MATLAB.
Although the use of CUDA requires data to be copied back and forth between the CPU
memory and GPU memory, CUDA processing times are an averdd0dmesfaster

thanthe times measuredrfthe CPU.

3.5 Comparison of Execution Times

This section compares the processing times measured for the CPU and GPU. The
tables below summarise the performance of the CPU (with C#) and GPU (with CUDA).
Table 7 shows the processing times for an image of €178 8Bb (1024 pixels 1024
pixels). This table is followed by graphs that compare the performance of the two

approaches in processing an image of size 3073 kb (see Figure 50).

Table7: Comparison of CPU (C#) and GPU (CUDpAj)ocessing times, for an image of size 3073 kb.

Filter size C# (ms) CUDA (ms)
3073 kb 3073 kb
Erosion 33 5,946 28.72
Erosion 55 8,901 83.05
Erosion ¥7 15,852 297.72
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Dilation %3 5,446 28.64
Dilation 55 8,824 89.15
Dilation &7 19,607 298.09
Open &3 11,213 56.21
Open %5 25,836 164.62
Open %7 33,849 594.73
Close 33 11,178 56.79
Close 55 25,547 165.01
Close ¥7 54,260 594.88
Mean %3 5,471 29.3
Mean 55 8,546 89.27
Mean &7 19,493 296.85
Median %3 6,381 37.93
Median 55 8,793 175.81
Median &7 20,483 934.44
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Figure 50: Processing times measured for C# (A) and CUDA (B), for an image of size 3073 kb. C compares the
performance times of the CPU (C#) and the GPU (CUDA).

Table 7showsthat the longest CUDA processing time, 594.88 ms, was recorded
for the closing filter with the use of a square SE of size 7x7. This was because the closing

operation involves the use of two filters, dilation folkshby erosion. Results for the
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opening fiter were similar; however, in both cases the performance of CUDA was many
times faster than that of the CPU with C#. Table 7 shows that the fastest processing time,
28.64 ms, was recorded for the dilation filter watlsEof size 3x3, and the result fdre
erosion filter with SE of size 3x3 was very similar.

Table 8 compares the processing times for an image of size 2485 kb, and Figure 51

presents graphs representing the processing time of C# and the performance of CUDA.

Table8: Comparison of CPU (C#) and GPU (CUDA) processing times, for an image of size 2485 kb.

C# (ms) CUDA (ms)
Filter size
2485 kb 2485 kb
Erosion 33 3,802 23.1
Erosion 55 7,346 72.61
Erosion ¥7 12,869 241.08
Dilation %3 3,292 21.28
Dilation 55 7,105 72.53
Dilation &7 15,534 241.61
Open %3 6,745 42.63
Open %5 14,559 133.03
Open *7 26,260 675.24
Close 83 6,561 41.16
Close 55 16,032 144.69
Close %7 28,690 483.01
Mean 3«3 3,270 21.42
Mean 55 7,115 72.56
Mean &7 15,870 239.67
Median %3 3,119 32.97
Median 55 8,215 155.67
Median &7 16,320 765.12
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Figure 51: Processing times measured for C# (top) and CUDA (middle), for an image of size 2485 kb. The bottom graph
compares the performance tinefthe CPU (C#) and the GPU (CUDA).
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Table 8shows thathe fastest GPU processing time, 2In28 was recorded for the
dilation filter with a SEof size 3x3while it was 3.292 minute with the use of CPlldble
9 shows the processingnes for an image of size 587 .Kbhis table is followed byhree

graphs that compare the performance ofGR& and the GPU (see Figure 52).

Table9: Comparison of CPU (C#) and GPU (CUDA) processing times, for an image of8sizé5

C# (ms) CUDA (ms)
Filter size 587 kb 587 kb
Erosion 33 3,171 23.41
Erosion &5 4,517 72.36
Erosion ¥7 7,844 241.04
Dilation %3 2,786 21.34
Dilation 55 4,597 71.44
Dilation &7 7,573 241.83
Open &3 4,116 42.53
Open %5 8,748 133.32
Open *7 15,570 482.16
Close 83 4,161 42.25
Close 55 8,608 144.49
Close ¥7 15,444 483.89
Mean X3 2,005 21.55
Mean 5<5 4,469 72.72
Mean &7 7,745 293.6
Median 3<3 2,099 30.49
Median 55 4,419 155.67
Median &7 10,071 888.85

Table 9shows the processing times for an image of size 587 kb, and Figure 52

compares the performance of the CPU with C# to that of the GPU with CUDA.
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Based on the test results, it can be seen that the parallelestny the GPU leads
to much lowerprocessing thes, especially for calculations containing many parallel
elements. It can be concluded that for the types of digital image processing investigated in
this research, use of the Nvidia GPU is very beneficial, because it greatly improves the

software efficiacy, yielding faster execution times.
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Figure 52: Processing times measured for C# (top) and CUDA (middle), for an image of size 587 kb. The bottom graph
compares the performance times of the CPU (C#) anGkig (CUDA).

Table10: Ratios between GPU and CPU processing times, for images of size 3073 kb, 2485 kb and 587 kb.

Image size 3073kb 2485kb 587kb
Run time
Erosion 3x3 C#
GPU 1:207 1:165 1:135
Erosion 5x5 C#
GPU 1:107 1:101 1:62
Erosion 7x7 CH#
GPU 1:53 1:53 1:33
Dilation 3x3 CH#
GPU 1:190 1:155 1:131
Dilation 5x5 CH#
GPU 1:99 1:98 1:36
Dilation 7x7 CH#
GPU 1:66 1:67 1:31
Open 3x3 CH
GPU 1:200 1:158 1:97
Open 5x5 CH
GPU 1:157 1:109 1:66
Open 7x7 C#
GPU 1:57 1:39 1:32
Close 3x3 CH
GPU 1:197 1:159 1:98
Close 5x5 CH
GPU 1:155 1:111 1:60
Close 7x7 CH
GPU 1:91 1:59 1:32
Mean 3x3 CH
GPU 1:187 1:153 1:93
Mean 5x5 C#
GPU 1:96 1:98 1:61
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Mean 7x7 CH

GPU 1:66 1:66 1:26
Median 3x3 C#

GPU 1:168 1:95 1:69
Median 5x5 C#

GPU 1:50 1:53 1:29
Median 7x7 C#

GPU 1:22 1:21 1:11

Table 10 shows that even when processing large images, the GPU is much faster
than the CPU. It cabheseen that in the case of an erosion filter with SE of size 3x3, for a
large image (3073 kb), the ratio between the CPU and GPU processing times is 1:207,

representing an impressive gain in efficiency.
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CHAPTER 4: CONCLUSION

This chapter will provide a summary of the work done, highlighting the innovations
of the work, and presenting suggestions for future research. Following a brief overview of
the reseatt scope and methodologies, Section 4.1 describes the major contributions in
detail and the conclusions of the research. Section 4.2 discusses future work that is related
to this field.

This thesis addresses the analysis and enhancementtimeahageprocessing.

In the initial phase, image processing analysis was done on a CPU; this was followed by
implementation on a GPU. It was found that the best performance and lowest processing
times could be attained by running the image enhancement algorithoitaseously on

the CPU and GPU, in order to leverage the capabilities of the GPU.

Realtime image processing is a key component of all modern communication
systems, including media technologies, digital cameras, mobile devices, video
conferencing and deo calls. Redlime digital medical image processing applications have
been developed in this thesis, focused especially on image identification and classification.
The methods of digital medical image processing allow radiologists to identify abnormal
tissues and subsequently make a diagnosis. Although radiologist decisions remain decisive
in detecting nospalpable cancer, the applications developed in this research can help
physicians to detect abnormal cells more easily and accurately than is theittase w

traditional techniques.
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4.1 Thesis Contributions

The main contribution of this thesis is the development of a software package
implementing a variety of morphological methods on a GPU. The result is a robust package
that will help physicianand othedetect normal and abnormal body cells. This package is
able to execute complex filtering algorithms within milliseconds rather than seconds,
yielding improved accuracy and performance. The following three calculation strategies
are considered in this thesi

The initial strategy is the application of mathematical morphological operations in
MATLAB, with the aim of analysing digital binary and gregale images. In this phase,
noise was added to an imageorder to simulate the distortion caused by noiseedical
images. Various morphological filters were then created, including erosion, dilation,
opening, closing, mean and median filters. These filters were then used with structuring
elements of different sizes<® 55 and %7) in order to remove nois® as to restore the
original images. Although morphological filters are usually applied at the binary level, in
this research these filters have been used at thesgady level. In additional to the filters,

a thresholding technique was used for theopse of feature identification.

The second strategy is the implementation of the morphological filters in C#, which
is important in order to obtain the results and then compare them with the CUDA
application results. This phase processes medical digitages relatively quickly;
however, processing images on a CPU is generally-¢onguming, especially when the
image to be processed is large in size. This problem was addressed by using CUDA.

The third strategy is the utilisation of CUDA on Nvidia gragshprocessing units,

with the goal of using the system in réiahe processing. As an example, six morphological
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filters were created in C# and then developed in CUDA: Erosion, dilation, opening, closing,
mean and median filters. Other algorithms were uUsedsegmentation and automatic
feature identification. This work is the first investigation of +&ale image processing

which compares CUDA with the Intel Core i7 CPU, for parallel processing purposes. Based
on knowledge of CUDA and the C# languageotigh calculating the processing time on

both cards (Intel Core i7 and GeForce M860), the processing time is reduced and the
performance enhanced. Performance improvements are much more extensive when the
GPU system is employed, making it easy to selecthvhpproach to use. The CUDA
system achieved processing speeds ranging from 11 times (for median filter with 7x7 SE)

to 207 times (for erosion filter with 3x3 SE) faste multtGPU implementations.

4.2 Future work

4.2.1 Improving Performance

This thesis focuses dhe total processing times attainable with the utilisation of
the new Nvidia card. It can be seen that the processing times were 11 to 207 times faster
when the GeForce M860 GPU was used, as compared to the Intel Core i7 CPU. This is
based on the fact thavith the GeForce M860 it was possible to have the GPU and CPU
working constantly together, to make the image processing more efficient. Table 11 shows
clearly that the GPU processing times are much faster than the CPU processing times. For
an image sizef 587 kb, with an erosion filter with SE of size 3x3, the processing time for
the GeForce M860 was 23.4 ms, as compared to 3,171 ms for the Intel Core i7. Here it can
be seen that the GPU is more than 135 times faster than the CPU, which is a significant

achievement in the field of image processing. In order to build on these results, future work
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should include investigations of stadbthe-art GPUs to determine how they can best be

utilised to achieve even more efficient performance withtread appliations.

Table11: Ratios between GPU and CPU processing times, demonstrating the speed of the GPU.

Image size 3073kb 587kb
Run time
Erosion 3x3 C#
GPU 1:207 1:135
Erosion 5x5 C#
GPU 1:107 1:62
Erosion 7x7 C#
GPU 1:53 1:33
Median 3x3 CH
GPU 1:168 1:69
Median 5x5 CH
GPU 1:50 1:29
Median 7x7 C#
GPU 1:22 1:11

4.2.2 Applying the CUDA Algorithms and the Methods Developed to
Some Medical Images from Hospital Databases

Medical image processing with the use of GPUs has great potential that can
dramatically improve methods of digital image processing, to provide clear and accurate
results. For this reason, future work will involve using some of the newest Nvidia cards
and studying how to maximise their processing times. It must be kept in mind that the
accurate performance of graphics cards (GPUs) cannot be maximised in the absence of
appropriate software installed and used on them. In fact, the large number of medical
images demonstrates the power of CUDA and the benefits of this technology. In this
research, all morphological algorithms and methods were analysed first using MATLAB
codes. They were then verified through the C# platform and CUDA toolboxes. Most of the

future work will involve implementing these applications on real medical images from
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hospital databasellso, one of the goals of this thesis is a package with a good interface
(like that in C#) but that runs the algorithms on the GPU. The first stage of this goal was

achieved and will be continued on future work.
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APPENDIX A: SOURCE CODE LISTING FOR C# IMPLEMENTATION

© Copyright by Khaled M. Algahtani, 2016, all rights reserved

using System;

using System.Collections.Generic;
using System.Ling;

using System.Text;

using System.ComponentModel;
using System.Data;

using System.Drawing;

using System.Windows.Forms;
using System.Diagnostics;

namespace MorphologicalOps2

{

class MorphologicalOperations

{
List<Bitmap> listOfBitmaps = new List<Bitmap>();
ProgressBar m yProgressBarRef;

byte[][] myKernelValues;

static Random myRundomNumber = new Random();

public void AddBmplmage(Bitmap bmp)

{
listOfBitmaps.Add(bmp);
}
public void setProgressBarReference(ProgressBar myProgressBarRef)
{
this.myProgressBarRef = myProgressBarRef;
}
public void setKernelReference(byte[][] myKernelVal)
{
this.myKernelVa lues = myKernelVal,
}

public Bitmap ConvertBmpToGrayscale(Bitmap inBitmap)
{
Bitmap outGrayScale = new Bitmap(inBitmap.Width, inBitmap.Height);

for (inti = 0; i < inBitmap.Width; i++)
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for (int x = 0; x < inBitmap.Height; x++)

{
Color oc = inBitmap.GetPixel(i, x);
int grayScale = (int)((oc.R * 0.3) + (oc.G * 0.59) + (oc.B *
0.11));
Color nc = Co lor.FromArgb(oc.A, grayScale, grayScale,
grayScale);
outGrayScale.SetPixel(i, x, nc);
}

}

return outGrayScale;

public Bitmap AddGaussianNoiseToGrayScale(Bitmap inBmp, double mean,
double variance)

{

Bitmap myGaussianNoiselmage = new Bitmap(inBmp.Width, inBmp.Height);

double temp, rundomLog, rundomSinCos;
int GaussianPixelValue;

byte colorValueR,;

Color pixelGaussian = new Color();

byte switchl = 1;

rundomLog = 0.0;
for (inti=0; i <inBmp.Height; i++)
{

this.myProgressBarRef.Value = (int)(((double)i /
(double)inBmp.Height) * this.myProgressBarRef.Maximum);

for (int x = 0; x < inBmp.Width; x++)
{

Color pixelValue = inBmp.GetPixel(x, i);
while (rundomLog == 0.0) rundomLog =

myRundomNumber.NextDouble();
temp = Math.Sqgrt( - 2.0 * variance * Math.Log(rundomLog));

rundomsSinCos = myRundomNumber.NextDouble();
if (switchl == 1)
{
GaussianPixelValue = pixelValue.R
+ (int)(temp * Math.Cos(2 * Math.PI * rundomSinCos) + mean);
switchl = 0;
}

else

{

GaussianPixelValue = pixelValue.R + (int)(temp *
Math.Sin(2 * Math.Pl * rundomSinCos) + mean);
switchl = 1;
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}

if (GaussianPixelValue > 255)

{

GaussianPixelValue = 255;

else if (GaussianPixelValue < 0)

{

GaussianPixel Value = 0;

colorValueR = (byte)GaussianPixelValue;
pixelGaussian = Color.FromArgh(255 << 24 | colorValueR << 16 |
colorValueR << 8 | colorValueR);

myGaussianNoiselmage.SetPi  xel(x, i, pixelGaussian);

rundomLog = 0.0;
}
}
this.myProgressBarRef.Value = 0O;
return myGaussianNoiselmage;

}
public byte[] getimagePlaneFromBmp(Bitmap inBmp, char plane)
{
byte[] outPlane = new byte[inBmp.Width * inBmp.Height];
if (plane.Equals('R"))
{
for (inti=0;i<inBmp.H eight; i++)
{
int lineOffset =i * inBmp.Width;
for (intj = O; j < inBmp.Width; j++)
Color pixelColour = inBmp.GetPixel(, i);
i nt pixelOffest = lineOffset + j;
if (plane.Equals('R"))
{
outPlane[pixelOffest] = pixelColour.R;
}
else if (plane.Equals('G"))
{
outPlane[pixelOffest] = pixelColour.G;
}
else
outPlane[pixelOffest] = pixelColour.B;
}
}
}
}
return outPlane;
}
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© Copyright by Khaled M. Algahtani, 2016, all rights reserved

public Bitmap applyErosionToGrayScalelmage(Bitmap inGrayScale, string

{

kernel)

var watch = Stopwatch.StartNew();

int RowStart, ColStart, KernelStart, KernelEnd;

if (kernel.Equals("3x3"))

RowsStart = 1;
ColStart = 1;
KernelStart = -1;
KernelEnd = 2;

}

else if (kernel.Equals("5x5"))

{
RowsStart = 2;
ColStart = 2;
KernelStart = -2;
KernelEnd = 3;

}

else

{
RowStart = 3;
ColStart = 3;
KernelStart = -3;
KernelEnd = 4;

}

byte[] grayScalePlane;

grayScalePlane = this.getimagePlaneFromBmp(inGrayScale, 'R');

Bitmap erosionimage = new Bitmap(inGrayScale.Width,
inGrayScale.Height);
byte colorValueR,;

Color pix Erode = new Color();
Color col = new Color();
Color col2 = new Color();

for (int y = ColStart; y < inGrayScale.Height - ColStart; y++)
{

this.myProgressBarRef.Value = (int)(((double)y /
(double)inGrayScale.Height) * this.myProgressBarRef.Maximum);

for (int x = RowStart; x < inGrayScale.Width - RowsStart; x++)
{
col=inGray Scale.GetPixel(x, y);

colorValueR = col.R;
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for (int a = KernelStart; a < KernelEnd; a++)

{
for (int b = KernelStart; b < KernelEnd; b++)
if (this.myKernelValues[a - KernelStart][b -
KernelStart].Equals(49))
{
col2 = inGrayScale.GetPixel(x + a, y + b);
colorValueR = Math.Min(color ValueR, col2.R);
}
}
}

int pixvalARGB = 255 << 24 | colorValueR << 16 | colorValueR
<< 8| colorValueR,;
pixErode = Color.FromArgb(pixvalARGB);

erosionlmage.SetPixel(X, y, pixErode);

}

this.myProgressBarRef.Value = 0O;
return erosionimage;

watch.Stop();
var elapsedMs = watch.ElapsedMilliseconds;

public Bitmap applyDilationToGrayScalelmage(Bitmap inGrayScale, string
kernel)

{

var watch = Stopwatch.StartNew();
int RowsStart, ColStart, KernelStart, KernelEnd;
if (kernel.Equals("3x3"))

RowsStart = 1;

ColStart = 1;

KernelStart = -1;

KernelEnd = 2;

elseif  (kernel.Equals("5x5"))

{
RowsStart = 2;
ColStart = 2;
KernelStart = -2;
KernelEnd = 3;

}

else

{
RowsStart = 3;
ColStart = 3;
KernelStart = -3;
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KernelEnd = 4;

Bitmap dilationlmage = new Bitmap(inGrayScale.Width,
inGrayScale.Height);
byte colorValueR,;

Color pixDilate = new Color();
Color col = new Color();
Color col2 = new Color();

for (int y = ColStart; y < inGrayScale.Height - ColStart; y++)
{
this.myProgressBarRef.Value = ( int)(((double)y /
(double)inGrayScale.Height) * this.myProgressBarRef.Maximum);
for (int x = RowStart; x < inGrayScale.Width - RowsStart; x++)
{

col = inGrayScale.GetPixel(x, y
colorValueR = col.R;
for (int a = KernelStart; a < KernelEnd; a++)
for (int b = KernelStart; b < KernelEnd; b++)

if (this.myKernelValues[a - KernelStart][b -

{

KernelStart].Equals(49))
col2 = inGrayScale.GetPixel(x + a, y + b);

colorValueR = Math.Max(colorVal ueR, col2.R);

}

int pixvalARGB = 255 << 24 | colorValueR << 16 | colorValueR
<< 8| colorValueR,;
pixDilate = Color.FromArgb(pixvalARGB);

dilationlmage.SetPixel(x, y, pixDilate);

this.myProgressBarRef.Value = 0;
return dilationimage;

watch.Stop();
var elapsedMs = watch.ElapsedMilliseconds;

}

public Bitmap applyMedianToGrayScalelmage(Bitmap inGrayScale, string

{

kernel)
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var watch = Stopwatch.StartNew();

int RowStart, ColStart, KernelStart, KernelEnd;
List<byte> pixelList = new List<byte>();

if (kernel.Equals("3x3"))
{

RowsStart = 1;
ColStart = 1;
KernelStart = -1;
KernelEnd = 2;

else if (kernel.Equals("5x5"))

{
RowsStart = 2;
ColStart = 2;
KernelStart = -2;
KernelEnd = 3;

}

else

{
RowsStart = 3;
ColStart = 3;
KernelStart = -3;
KernelEnd = 4;

}

Bitmap medianimage = new Bitmap(inGrayScale.Width,
inGrayScale.Height);
byte colorValueR,;

Color pixMedian = new Color();
Color col = new Color();
Color col2 = new Color();

for (int y = ColStart; y < inGrayScale.Height - ColStart; y++)
{

this.myProgressBarRef.Value = (int)(((double)y /
(double)inGrayScale.Height) * this.myProgressBarRef.Maximum);

for (int x = RowStart; x < inGrayScale.Width - RowsStart; x++)
{

col =inGrayScale .GetPixel(x, y);

colorValueR = col.R;

for (int a = KernelStart; a < KernelEnd; a++)

for (int b = KernelStart; b < KernelEnd; b++)
{

col2 = inGrayScale.GetPixel(x + a, y + b);
pixelList.Add(col2.R);
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}

pixelList.Sort();

colorValueR = pixelList.ElementAt((pixelList.Count
pixelList.Clear();

int pixvalARGB = 255 << 24 | colorValueR << 16 | colorValueR

<< 8 | colorValueR,;

public Bitmap applyMeanToGrayScalelmage(Bitmap inGrayScale, string kernel)

{

pixMedian = Color.FromArgb(pixvalARGB);

medianimage.SetPixel(X, y, pixMedian);

this.myProgressBarRef.Value = 0O;
return medianima ge;

watch.Stop();
var elapsedMs = watch.ElapsedMilliseconds;

var watch = Stopwatch.StartNew();

int RowStart, ColStart, KernelStart, KernelEnd;
List<byte> pixelList = new List<byte>();

if (kernel.Equals("3x3"))

{
RowsStart = 1;
ColStart = 1;
KernelStart = -1;
KernelEnd = 2;

}
else if (kernel.Equals("5x5"))

{
RowStart = 2;
ColStart = 2;
KernelStart = -2;
KernelEnd = 3;

}

else

{
RowsStart = 3;
ColStart = 3;
KernelStart = -3;
KernelEnd = 4;

}

Bitmap meanimage = new Bitmap(inGrayScale.Width, inGrayScale
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byte colorValueR,;

Color pixMedian = new Color();

Color col = new Color();

Color col2 = new Color();

for (int y = ColStart; y < inGrayScale.Height
{

this.myProgressBarRef.Value = (int)(((double)y /
(double)inGrayScale.Height) * this.myProgressBarRef.Maximum);

for (int x = RowStart; x < inGrayScale.Width
{
col =inGrayScale .GetPixel(x, y);

colorValueR = col.R;
double meanValue = 0;

for (int a = KernelStart; a < KernelEnd; a++)

- ColStart; y++)

- RowsStart; x++)

for (int b = KernelS tart; b < KernelEnd; b++)

{

col2 = inGrayScale.GetPixel(x + a, y + b);

pixelList.Add(col2.R);
meanValue += col2.R;

colorValueR = (byte)Math.Round(meanValue / pixelList.Count());

pixelList.Clear();

int pixvalARGB = 255 << 24 | colorValueR <
<< 8| colorValueR,;

pixMedian = Color.FromArgb(pixvalARGB);

meanimage.SetPixel(x, y, pixMedian);

this.myProgressBarRef.Value = 0O;
return meanimage;

watch.Stop();
var elapsedMs = watch.ElapsedMilliseconds;
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namespace MorphologicalOps2

{
static class Program
{
[STAThread]
static void Main()
{
Application.EnableVisualStyles();
Application.SetCompatible TextRenderingDefault(false);
Application.Run(new FormZ1());
}
}
}

namespace MorphologicalOps2

{

public partial class Form1 : Form

{
public Form1()

{

InitializeComponent();

kernel.Add("3x3");
kernel.Add("'5x5");
kernel. Add("7x7");

this.comboBox1.DataSource = kernel;

this.textBox00.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox01.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox02.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox03.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox04.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox05.C  lick += new
System.EventHandler(this.textBoxKerenl|_Click);
this.textBox06.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox10.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBo  x11.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox12.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox13.Click += new
System.EventHandler(this.textBoxKerenl_Click);
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this.t extBox14.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox15.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox16.Click += new
System.EventHandler(this.textBoxKerenl_Click);
t his.textBox20.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox21.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox22.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox23.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox24.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox25.Click += new
System.EventHandler(this.textBoxKerenl_Cli ck);
this.textBox26.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox30.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox31.Click += new
System.EventHandler(this.textBoxKeren I_Click);
this.textBox32.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox33.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox34.Click += new
System.EventHandler(this.textBox Kerenl_Click);
this.textBox35.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox36.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox40.Click += new
System.EventHandler(this.te xtBoxKerenl_Click);
this.textBox41.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox42.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox43.Click += new
System.EventHandler(th is.textBoxKerenl_Click);
this.textBox44.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox45.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox46.Click += new
System.EventHand! er(this.textBoxKerenl_Click);
this.textBox50.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox51.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox52.Click += new
System.Event Handler(this.textBoxKerenl_Click);
this.textBox53.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox54.Click += new
System.EventHandler(this.textBoxKerenl_Click);
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this.textBox55.Click += new
System. EventHandler(this.textBoxKerenl_Click);
this.textBox56.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox60.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox61.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox62.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox63.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox64.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox65.Click += new
System.EventHandler(this.textBoxKerenl_Click);
this.textBox66.Click += new
System.EventHandler(this.textBoxKerenl_Cli ck);
kerenlTexBoxes.Add(this.textBox00);
kerenlTexBoxes.Add(this.textBox01);
kerenlTexBoxes.Add(this.textBox02);
kerenlTexBoxes.Add(this.textBox03);
kerenlTexBoxes.Add(this.textBox04);
kerenlTexBoxes.Add(this.textBox05);
kerenlTexBoxes.Add(this.textBox06);
kerenlTexBoxes.Add(this.textBox10);
kerenlTexBoxes.Add(this.textBox11);
kerenlTexBoxes.Add(this.textBox12);
kerenlTexBoxes. Add(this.textBox13);
kerenlTexBoxes.Add(this.textBox14);
kerenlTexBoxes.Add(this.textBox15);
kerenlTexBoxes.Add(this.textBox16);
kerenlTexBoxes.Add(this.textBox20);
kerenlTexBoxes.Add(this.textBox 21);
kerenlTexBoxes.Add(this.textBox22);
kerenlTexBoxes.Add(this.textBox23);
kerenlTexBoxes.Add(this.textBox24);
kerenlTexBoxes.Add(this.textBox25);
kerenlTexBoxes.Add(this.textBox26);
kerenlTexBoxes.Add(this.textBox30);
kerenlTexBoxes.Add(this.textBox31);
kerenlTexBoxes.Add(this.textBox32);
kerenlTexBoxes.Add(this.textBox33);
kerenlTexBoxes.Add(this.textBox34);
kerenlTexBoxes.Add(this.textBox35);
kerenlTexBoxes.Add(this.textBox36);
kerenlTexBoxes.Add(this.textBox40);
kerenlTexBoxes.Add(this.textBox41);
kerenlTexBoxes.Add(this.textBox42);
kere nITexBoxes.Add(this.textBox43);
kerenlTexBoxes.Add(this.textBox44);
kerenlTexBoxes.Add(this.textBox45);
kerenlTexBoxes.Add(this.textBox46);
kerenlTexBoxes.Add(this.textBox50);
kerenlTexBoxes.Add(t his.textBox51);
kerenlTexBoxes.Add(this.textBox52);
kerenlTexBoxes.Add(this.textBox53);
kerenlTexBoxes.Add(this.textBox54);
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kerenlTexBoxes.Add(this.textBox55);
kerenlTexBoxes.Add(this.textBox56);
kerenlTexBoxes.Add(this.textBox60);
kerenlTexBoxes.Add(this.textBox61);
kerenlTexBoxes.Add(this.textBox62);
kerenlTexBoxes.Add(this.textBox63);
kerenlTexBoxes.Add(this.textBox64);
kere nITexBoxes.Add(this.textBox65);
kerenlTexBoxes.Add(this.textBox66);

GaussianVarianceValue = trackBarl.Value;
}
string imageSourceDirectory = "c: W\
List<string> kernel= new List<string>();
List<Bitmap> imageList = new List<Bitmap>();
List<Bitmap> grayScaleList = new List<Bitmap>();
List<TextBox> kerenlTexBoxes = new List<TextBox>();
int GaussianVarianceValue;

private byte[][] getKernelValues(string kernel)

byte[][] myKernel,
if (kernel.Equals("3x3"))

{
myKernel = new byte[3][];
myKernel[0] = new byte[3]{
(byte)this.textBox00.Text.ToCharArray().ElementAt(0),
(byte)this.textBox01.Text. ToCharArray().ElementAt(0),
(byte)this.textBox02.Text. ToCharArray().ElementAt(0)};

myKernel[1] = new byte[3]{
(byte)this.textBox10.Text.ToCharA rray().ElementAt(0),

(byte)this.textBox11.Text.ToCharArray().ElementAt(0),
(byte)this.textBox12.Text.ToCharArray().ElementAt(0)};

myKernel[2] = new byte[ 3K
(byte)this.textBox20.Text. ToCharArray().ElementAt(0),

(byte)this.textBox21.Text. ToCharArray().ElementAt(0),

(byte)this.textBox22.Text. ToCharArray().ElementAt(0)};

else if (kernel.Equals("5x5"))

{
myKernel = new byte[5][];
myKernel[0] = new byte[5
(byte)this.textBox00.Text. ToCharArray().ElementAt(0),
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(by te)this.textBox01.Text.ToCharArray().ElementAt(0),
(byte)this.textBox02.Text. ToCharArray().ElementAt(0),
(byte)this.textBox03.Text. ToCharArray().ElementAt(0),
(byte)this.textBox04.Text.ToCharArray().ElementAt(0)};

myKernel[1] = new byte[5]{
(byte)this.textBox10.Text. ToCharArray().ElementAt(0),

(byte)this.textBox11.Text.To CharArray().ElementAt(0),
(byte)this.textBox12.Text. ToCharArray().ElementAt(0),
(byte)this.textBox13.Text. ToCharArray().ElementAt(0),
(byte)this.textBox14.Text.ToCharArray().ElementAt(0)};

myKernel[2] = new byte[5]){
(byte)this.textBox20.Text. ToCharArray().ElementAt(0),

(byte)this.textBox21.Text. ToCharArray().ElementAt(0),
(byte)this.textBox22.Text. ToCharArray().ElementAt(0),
(byte)this.textBox23.Text. ToCharArray().ElementAt(0),
(byte)this.textBox 24.Text.ToCharArray().ElementAt(0)};

myKernel[3] = new byte[5{
(byte)this.textBox30.Text.ToCharArray().ElementAt(0),

(byte)this.textBox31.Text.ToCharArray().ElementAt(0),
(byte)this.textBox32.Text. ToCharArray().ElementAt(0),
(byte)this.textBox33.Text.ToCharArray().ElementAt(0),
(byte)this.textBox34.Text.ToCharArray().ElementAt(0)};

myKernel[4] = new byte[5{
(byte)this.textBox40.Text.ToCharArray().ElementAt(0),

(byte)this.textBo x41.Text. ToCharArray().ElementAt(0),

(byte)this.textBox42.Text. ToCharArray().ElementAt(0),

(byte)this.textBox43.Text. ToCharArray().ElementAt(0),

(byte)this.textBox44.Text.ToCharArray().ElementAt(0)};
else

{
myKernel = new byte[7][];

myKernel[0] = new byte[7]{
(byte)this.textBox00.Text. ToCharArray().ElementAt(0),
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(byte)this.textBox01.Text. ToCharArray().ElementAt(0),
(byte)this.textBox02.Text. ToCharArray().ElementAt(0),
(byte)this.textBox 03.Text.ToCharArray().ElementAt(0),
(byte)this.textBox04.Text. ToCharArray().ElementAt(0),
(byte)this.textBox05.Text.ToCharArray().ElementAt(0),
(byte)this.textBox06.Text. ToCharArray().ElementAt(0)};

myKernel[1] = new byte[7]{
(byte)this.textBox10.Text. ToCharArray().ElementAt(0),

(byte)this.textBox11.Text.ToCharArray().Ele mentAt(0),
(byte)this.textBox12.Text. ToCharArray().ElementAt(0),
(byte)this.textBox13.Text. ToCharArray().ElementAt(0),

(byte)th is.textBox14.Text.ToCharArray().ElementAt(0),
(byte)this.textBox15.Text. ToCharArray().ElementAt(0),
(byte)this.textBox16.Text. ToCharArray().ElementAt(0)};

myKernel[2] = new byte[7]{
(byte)this.textBox20.Text. ToCharArray().ElementAt(0),

(byte)this.textBox21.Text.ToCharArray().ElementAt(0),
(byte)this.textBox2 2.Text.ToCharArray().ElementAt(0),
(byte)this.textBox23.Text.ToCharArray().ElementAt(0),
(byte)this.textBox24.Text.ToCharArray().ElementAt(0),
(byte)this.textBox25.Text. ToCharArray().ElementAt(0),
(byte)this.textBox26.Text. ToCharArray().ElementAt(0)};

myKernel[3] = new byte[7}{
(byte)this.textBox30.Text.ToCharArray().Elem entAt(0),

(byte)this.textBox31.Text.ToCharArray().ElementAt(0),
(byte)this.textBox32.Text. ToCharArray().ElementAt(0),
(byte)thi  s.textBox33.Text.ToCharArray().ElementAt(0),
(byte)this.textBox34.Text. ToCharArray().ElementAt(0),
(byte)this.textBox35.Text. ToCharArray().ElementAt(0),

(byte)this.textBox36.Text. ToCharArray().ElementAt(0)};
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myKernel[4] = new byte[7]{
(byte)this.textBox40.Text. ToCharArray().ElementAt(0),

(byte)this.textBox41.Text. ToCharAr ray().ElementAt(0),
(byte)this.textBox42.Text. ToCharArray().ElementAt(0),
(byte)this.textBox43.Text. ToCharArray().ElementAt(0),
(byte)this.textBox44.Text. ToCharArray().ElementAt(0),
(byte)this.textBox45.Text. ToCharArray().ElementAt(0),
(byte)this.textBox46.Text. ToCharArray().ElementAt(0)};

myKernel[5] = new byte[7}{
(byte)this.textBox50.Text. ToCharArray().ElementAt(0),

(byte)this.textBox51.Text. ToCharArray().ElementAt(0),
(byte)this.textBox52.Tex t.ToCharArray().ElementAt(0),
(byte)this.textBox53.Text. ToCharArray().ElementAt(0),
(byte)this.textBox54.Text. ToCharArray().ElementAt(0),
(byte)this.textBox55.Text. ToCharArray().ElementAt(0),
(byte)this.textBox56.Text. ToCharArray().ElementAt(0)};

myKernel[6] = new byte[7]{
(byte)this.textBo x60.Text. ToCharArray().ElementAt(0),

(byte)this.textBox61.Text. ToCharArray().ElementAt(0),
(byte)this.textBox62.Text.ToCharArray().ElementAt(0),
(byte)this.textBox63.Text.ToCharArray().ElementAt(0),
(byte)this.textBox64.Text. ToCharArray().ElementAt(0),
(byte)this.textBox65.Text. ToCharArray().Elem entAt(0),
(byte)this.textBox66.Text.ToCharArray().ElementAt(0)};

}

return myKernel,

}
private void erosionButton_Click(object sender, EventArgs €)
{

try

{

Bitmap myBitmap = imageList.Last();
MorphologicalOperations myMorphus = new MorphologicalOperations();

this.progressBarl.Value = 1,
myMorphus.setProgressBarReference(this.progre ssBarl);

myMorphus.AddBmplmage(myBitmap);
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string kernel = this.comboBox1.Selectedltem.ToString();
byte[][] myKernelValues = this.getKernelValues(kernel);
myMorphus.setKernelReference(myKernelValues);

Bitmap myErosionimage =
myMorphus.applyErosionToGrayScalelmage(grayScaleList.Last(), kernel);

this.pictureBox2.SizeMode = PictureBoxSizeMode.Stretchimage;

this.pictureBox2.Image = myErosionimage;
}
catch(Exception ex)
{
MessageBox.Show("Error: Could not read file from disk. Original
error: " + ex.Message,
"Exception Message",
MessageBoxButtons.OK,
MessageBoxIcon.Exclamation);

}
}
private void dilationButton_Click(object sender, EventArgs e)
{ try

{

Bitmap myBitmap = imageList.Last();
MorphologicalOperations myMorphus = new MorphologicalOperations();

this.progressBarl.Value = 1;
myMorphus.setProgressBarReference(this.progressBarl);

myMorphus.AddBmplmage(myBitmap);
Bitmap grayScale = myMorphus.ConvertBmpToGrayscale(myBitmap);

string kernel = this.comboBox1.SelectedIt em.ToString();
byte[][] myKernelValues = this.getKernelValues(kernel);
myMorphus.setKernelReference(myKernelValues);

Bitmap myDilationimage =
myMorphus.applyDilationToGrayScalelmage(grayScaleList.Last(), k ernel);
this.pictureBox3.SizeMode = PictureBoxSizeMode.Stretchimage;

this.pictureBox3.Image = myDilationimage;

}

catch (Exception ex)

{
MessageBox.Show("Error: Could not r ead file from disk. Original
error: " + ex.Message,
"Exception Message",
MessageBoxButtons.OK,
MessageBoxIcon.Exclamation);
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}
private void openimage_Click(object sender, EventArgs e)
{
OpenFileDialog openFileDialogl = new OpenFileDialog();
openFileDialogl.Filterindex = 2;
openFileDialogl.RestoreDirectory = true;
if (openFileDialogl.ShowDialog() == DialogResult.OK)
{
try
{
System.lO.Filelnfo finfo = new
System.lO.FileInfo(openFileDialogl .FileName);

string strFileName = finfo.Name;

string strFilePath = fInfo.DirectoryName;
this.imageSourceDirectory = strFilePath;

string fullPath = finfo.DirectoryName + " \\" + fInfo.Name;
Bitmap myBitmap = (Bitmap)Bitmap.FromFile(@fullPath);
imageList. Add(myBitmap);

MorphologicalOperations myMorphus = new
MorphologicalOperations();

myMorphusAddBmplmage(myBitmap);
Bitmap grayScale = myMorphus.ConvertBmpToGrayscale(myBitmap);
grayScaleList.Add(grayScale);

this.pictureBox1.SizeMode = PictureBoxSizeMode.Stretchimage;

this.pictureBox1.Image = myBitmap;
this.pictureBox2.Image = null;
this.pictureBox3.Image = null;
this.pictureBox4.Image = null;
this.pictureBox5.Image = nul l;
this.pictureBox6.Image = null;
this.pictureBox7.Image = null;
this.pictureBox8.Image = null;

}

catch (Exception ex)

{
MessageBox.Show("Error: Could not read file from disk.
Original error: " + ex.Message,
"Exception Message"”,
MessageBoxButtons.OK,
MessageBoxIcon.Exclamation);
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private void Open_Click(object sender, EventArgs €)

{
try
{

Bitmap myBitmap = imageList.Last();
MorphologicalOperations myMorphus = new MorphologicalOperations();

this.progressBarl.Value = 1;
myMorphus.setProgressBarReference(this.progressBarl);

myMorphus.AddBmplmage(myBitmap);
Bitmap gray Scale = myMorphus.ConvertBmpToGrayscale(myBitmap);

string kernel = this.comboBox1.Selectedltem.ToString();

byte[][] myKernelValues = this.getKernelValues(kernel);

myMorphus.setKernelReference(myKernelValues);

Bitmap erodedimage =
myMorphus.applyErosionToGrayScalelmage(grayScaleList.Last(), kernel);

this.progressBarl.Value = 1,

Bitmap dilateErodedimage =
myMorphus.applyDilationToGrayScalelmage(erodedimage, kernel);

this .pictureBox4.SizeMode = PictureBoxSizeMode.Stretchimage;
this.pictureBox4.Image = dilateErodedimage;
catch(Exception ex)
{
MessageBox.Show("Error: Could not read file from disk. Original
error: " + ex.Message,
"Exception Message",

MessageBoxButtons.OK,
MessageBoxIcon.Exclamation);

}
}
private void Close_Click(object sender, EventArgs €)
{

try

{

Bitmap myBitmap = imageList.Last();
MorphologicalOperations myMorphus = new MorphologicalOperations();

th is.progressBarl.Value = 1;
myMorphus.setProgressBarReference(this.progressBarl);

myMorphus.AddBmplmage(myBitmap);
Bitmap grayScale = myMorphus.ConvertBmpToGrayscale(myBitmap);

string kernel = this.comboBox1.Selectedltem.ToString();
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byte[][] myKernelValues = this.getKernelValues(kernel);

myMorphus.setKernelReference(myKernelValues);

Bitmap dilatelmage =
myMorphus.applyDilationToGrayScalelmage(g  rayScaleList.Last(), kernel);

this.progressBarl.Value = 1;

Bitmap erodedDilatedimage =
myMorphus.applyErosionToGrayScalelmage(dilatelmage, kernel);

this.pictureBox5.SizeMode = PictureBoxSizeMode.Stretchimage;
this.pictureBox5.Image = erodedDilatedimage;
catch (Exception ex)
{
MessageBox.Show("Error: Could not read f ile from disk. Original
error: " + ex.Message,
"Exception Message",

MessageBoxButtons.OK,
MessageBoxIcon.Exclamation);

}
}
private void Median_Click(object sender, EventArgs e)
{

try

{

Bitmap myBitmap = imageList.Last();
MorphologicalOperations myMorphus = new MorphologicalOperations()

this.progressBarl.Value = 1;
myMorphus.setProgressBarReference(this.progressBarl);

myMorphus.AddBmplmage(myBitmap);
Bitmap grayScale = myMorphus.ConvertBmpToGrayscale(myBitmap);

string kernel = this.comboBox1.Selectedltem.ToString();
byte[][] myKernelValues = this.getKernelValues(kernel);
myMorphus.setKernelReference(myKernelValues);
Bitmap medianimage =
myMorphus.applyMedianToGrayScalelmage(grayScaleList.Last(), kernel);
this.pictureBox6.SizeMode = PictureBoxSizeMode.Stretchimage;
this.pictureBox6.Image = medianimage;
catch (Exception ex)
{
MessageBox.Show("Error: Could not read file from disk. Original
error: " + ex.Message,
"Exception Message",

MessageBoxButtons.OK,
MessageBoxIcon.Exclamation);

100



}

private void Mean_Click(object sender, EventArgs e)
{
try

{
Bitmap myBitmap = imageList.Last();

MorphologicalOpe rations myMorphus = new MorphologicalOperations();

this.progressBarl.Value = 1;
myMorphus.setProgressBarReference(this.progressBarl);

myMorphus.AddBmplmage(myBitmap);

Bitmap grayScale = myMorphus.ConvertBmpToGrayscale(myBitmap);

string kernel = this.comboBox1.Selectedltem.ToString();
byte[][] myKernelValues = this.getKernelValues(kernel);

myMorphus.setKe rnelReference(myKernelValues);
Bitmap meanimage =
myMorphus.applyMeanToGrayScalelmage(grayScaleList.Last(), kernel);

this.pictureBox7.SizeMode = PictureBoxSizeMode.Stretchimage;
this.pictureBox7.Image = mea nimage;

catch (Exception ex)
{
MessageBox.Show("Error: Could not read file from disk. Original
error: " + ex.Message,
"Exception Message",
MessageBoxButtons.OK,
MessageBoxIlcon.Exclamation);

}
}
private void textBoxToggleValue(TextBox myTextBox)
{
string text = myTextBox.Text;
if (text.Equals("1"))
{
myTextBox.Text = "0",
myTextBox.BackColor = Color.Red;
}
else
{
myTextBox.Text = "1",
myTextBox.BackColor =  Color.Silver;
}
}
private void textBoxKerenl_Click(object sender, EventArgs e)
{

TextBox eventTextBox = (TextBox)sender;
this.textBoxToggleValue(eventTextBox);
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}

pri vate void comboBox1_SelectedindexChanged(object sender, EventArgs €)

{

this.pictureBox2.Image = null;
this.pictureBox3.Image = null;
this.pictureBox4.Image = null;
this.pictureBox5.Image = null;
this.pictureBox6.Image = null;
this.pictureBox7.Image = null;

for (inti = 0; i < this.kerenlTexBoxes.Count; i++)

{
this.kerenlTexBoxes.ElementAt(i).Enabled = false;
this.kerenlTexBoxes.ElementAt(i).Visible = false;
this.kerenlTexBoxes.ElementAt(i). Text = "1";
this.kerenlTexBoxes.ElementAt(i).BackColor = Color.Silver;

}

string kernel = this.comboB ox1.Selectedltem.ToString();
if (kernel.Equals("3x3"))
{

this.textBox00.Enabled = true;

this.textBox01.Enabled = true;

this.textBox02.Enabled = true;

this.textBox10.En  abled = true;
this.textBox11.Enabled = false;
this.textBox12.Enabled = true;

this.textBox20.Enabled = true;
this.textBox21.Enabled = true;
this.textBox22.Enabled = true;
this.textBox00.Visible = true;
this.textBox01.Visible = true;
this.textBox02.Visible = true;

this.textBox10.Visible = true;
this.textBox11.Visible = true;
this.textBox12.Visible = true;

this.textBox20.Visible = true;
this.textBox21.Visible = true;
this.textBox22.Visible = true;

}
else if (kernel.Equals("5x5"))

{
this.textBox00.Enabled = true;
this.textBox01.Enabled = true;
this.textBox02.Enabled = true;
this.textBox03.Enabled = true;
this.textBox04.Enabled = true;

this.textBox10.Enabled = true;
this.textBox11.Enabled = true;
this.textBox12.Enabled = true;
this.textBox13.Enabled = true;
this.textBox14.Enabled = true;
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this.textBox20.Enabl ed = true;
this.textBox21.Enabled = true;
this.textBox22.Enabled = false;
this.textBox23.Enabled = true;
this.textBox24.Enabled = true;

this.textBox30.Enabled = true;
this.textBox31.Enabled = true;
this.textBox32.Enabled = true;
this.textBox33.Enabled = true;
this.textBox34.Enabled = true;

this.textBox40.Enabled = true;
this .textBox41.Enabled = true;
this.textBox42.Enabled = true;
this.textBox43.Enabled = true;
this.textBox44.Enabled = true;

this.textBox00.Visible = true;
this.textBox01.Visible = true;
this.textBox02.Visible = true;
this.textBox03.Visible = true;
this.textBox04.Visible = true;

this.textBox10.Visible = true;
this.textBox11.Visible = true;
this.textBox12.Visible = true;
this.textBox13.Visible = true;
this.textBox14.Visible = true;

this.textBox20.Visible = true;
this.textBox21.Visible = true;
this.textBox22.Vi sible = true;
this.textBox23.Visible = true;
this.textBox24.Visible = true;

this.textBox30.Visible = true;
this.textBox31.Visible = true;
this.textBox32.Visible = true;
this.textBox33.Visible = true;
this.textBox34.Visible = true;

this.textBox40.Visible = true;
this.textBox41.Visible = true;
this.textBox42.Visible = true;
this .textBox43.Visible = true;
this.textBox44.Visible = true;

}
else
{
for (inti = 0; i < this.kerenlTexBoxes.Count; i++)
{
this.kerenlTexBoxes.ElementAt(i ).Enabled = true;
this.kerenlTexBoxes.ElementAt(i).Visible = true;
}
this.textBox33.Enabled = false;
}
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}

private void Form1_Load(object sender, EventArgs e)

{
}

private void button2_Click(object sender, EventArgs e)

{
OpenFileDialog openFileDialog8 = new OpenFileDialog();

openFileDialog8.InitialDirectory = this.imageSourceDirectory;

openFileDialog8.Fi  lter ="(*.bmp)|*.omp|(*.jpg)|*.jpg|DICOM Files
(*.dcm;*.dic)|*.dcm;*.diclAll Files (*.*)|*.*";

openFileDialog8.Filterindex = 2;

openFileDialog8.RestoreDirectory = true;

if (openFileDialog8.ShowDialog() == DialogResult. OK)
{

try

{

System.lO.Filelnfo finfo = new
System.lO.Filelnfo(openFileDialog8.FileName);

string strFileName = finfo.Name;

string strFilePath = finfo.D irectoryName;
this.imageSourceDirectory = strFilePath;

string fullPath = finfo.DirectoryName + " \\" + fInfo.Name;
Bitmap myBitmap1l = (Bitmap)Bitmap.FromFile(@fullPath);
int  width = myBitmap1.Width;
int height = myBitmap1.Height;
Color p;
for (inty = 0; y < height; y++)
for (int x = 0; x < width; x++)
{
p = myBitmapl.GetPixel(x, y);
inta=p.A,;
intr=p.R;
intg =p.G;
intb =p.B;
intavg=(r+g+hb)/3;
myBitmap1l.SetPixel(x, y, Color .FromArgb(a, avg, avg, avg));

}
}

pictureBox8.Image = myBitmapl;
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imageList.Add(myBitmapl);

MorphologicalOperations myMorphus = new
MorphologicalOperations();

myMorphus.AddBmplmage(myBitmap1l);
Bitmap grayScale = myMorphus.ConvertBmpToGrayscale(myBitmap1);
grayScaleList.Add(grayScale);

this.pictureBox8.SizeMode = PictureBoxSizeMode.Stretchimage;
this.pictureBox8.Image = myBitmap1;
catch (Exception ex)
{
MessageBox.Show("Error: Could not read file from disk.
Original error: " + ex.Message,
"Exception Message",

MessageBoxButtons.OK,
MessageBoxIcon.Exclamation);

}

}
}
private void pictureBox1_Click(object sender, EventArgs e)
{
}
private void button3_Click(object sender, EventArgs e)
{

try

{

Bitmap myBitmap = imageList.Last();
MorphologicalOperations myMorphus = new MorphologicalOperations();

this.progressBarl.Value = 1;
myMorphus.setProgressBarReference(this.progressBarl);

myMorphus.AddBmplmage(myBitmap);

Bitmap grayScale = myMorphus.ConvertBmpToGrayscale(myBitmap);

string kernel = this.comboBox1.Selectedlte m.ToString();

byte[][] myKernelValues = this.getKernelValues(kernel);

myMorphus.setKernelReference(myKernelValues);

Bitmap meanimage =
myMorphus.applyMeanToGrayScalelmage(grayScaleList.Last(), kernel);

this.progressBarl.Value = 1;

Bitmap dilatelmage =
myMorphus.applyDilationToGrayScalelmage(meanimage, kernel);
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this.progressBarl.Value = 1;

Bitmap erodedDilatedimage =
myMorphus.applyErosionToG rayScalelmage(dilatelmage, kernel);

this.progressBarl.Value = 1;

this.pictureBox9.SizeMode = PictureBoxSizeMode.Stretchimage;
this.pictureBox9.Image = erodedDilatedimage;
catch (Exception ex)

{
MessageBox.Show("Error: Could not read file from disk. Original
error: " + ex.Message,
"Exception Message",
MessageBoxButtons.OK,
MessageBoxIcon.Exclamation);

}
}
private void pictureBox7_Click(object sender, EventArgs e)
{
}
private void pictureBox9_Click(objec t sender, EventArgs e)
{
}
private void AddGaussianNoise_Click(object sender, EventArgs e)
{
try
{

Bitmap myBitmap = imageList.Last();

MorphologicalOperations myMorphus = new MorphologicalOperations();

this.progressBarl.Value = 1;
myMorphus.setProgressBarReference(this.progressBarl);

Bitmap gaussianimage =
myMorphus.AddGausianNoiseToGrayScale(grayScaleList.Last(), O,
this.GaussianVarianceValue);

grayScaleList.Add(gaussianimage);
this.pictureBox7.SizeMode = PictureBoxSizeMode.Stretchimage;

this.pictureBox1.Image = gaussianima ge;
}
catch (Exception ex)
{

MessageBox.Show("Error: Could not read file from disk. Original
error: " + ex.Message,
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"Exception Message",
MessageBoxButtons.OK,
MessageBoxIcon.Exclamation);

private void trackBarl_Scroll_1(object sender, EventArgs e)

{

VarianceValue.Te xt = trackBarl.Value.ToString();
this.GaussianVarianceValue = trackBarl.Value;

}

private void pictureBox3_Click(object sender, EventArgs e)

{
}
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APPENDIX B: SOURCE CODE LISTING FOR CUDA IMPLEMENTATION

© Copyright by Khaled M. Algahtani, 2016, all rights reserved

#include <GL/freeglut.h>
#include <cuda_runtime.h>
#include <cuda_gl_interop.h>
#include <stdlib.h>

#include <stdio.h>

#include <string.h>

#include <helper_functions.h>
#include <helper_cuda.h>
#include <time.h>

const char *filterMode[] =
{
“No Filtering",

/* For inquiries please contact k.m.a.g@hotmail.com */
"Morphological Erosion 3x3",
"Morphological Erosion 5x5",
"Morphological Erosion 7x7",
"Morphological Dilation 3x3",
"Morphological Dilation 5x5",
"Morphological Dilation 7x7",
"Morphological Close 3x3",
"Morphological Close 5x5",
"Morphological Close 7x7",
"Morphological_Open 3x3",
"Morphological_Open 5x5",
"Morphological_Open 7x7",
"Mean Operation 3x3",
"Mean Operation 5x5",
"Mean Operation 7x7",
"Median operation 3x3",
"Median operation 5x5",
"Median operation 7x7",

NULL

void cleanup(void);
void initializeData(char *file) ;

#define REFRESH_DELAY 1000
static int wwWidth =512;

static int wHeight = 512;

static int imWidth = 0;

static int imHeight = 0;

int fpsCount = 0;

int fpsLimit = 8;

unsigned int frameCount = 0;
StopWatchinterface *timer = NULL;
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unsigned int g_Bpp;

bool g_bQAReadback = false;

// Display Data

static GLuint pbo_buffer = 0;

struct cudaGraphicsResource *cuda_pbo_resource;

static GLuint texid = 0;
unsigned char *pixels = NULL;

enum DisplayMode g_DisplayMode;

int *pArgc = NULL;
char **pArgv = NULL;

#define OFFSET(i) ((char *)NULL + (i)
#define MAX(a,b) (a>b)?a:b

void display(void)

{

sdkResetTimer(&timer);

sdkStartTimer(&timer);
Pixel *data = NULL;

checkCudaErrors(cudaGraphicsMapResources(1, &cuda_pbo_resource, 0));
size_t num_bytes;
checkCudaErrors(cudaGraphicsResourceGetMappedPointer((void **)&data,
&num_bytes,
cuda_pbo_resource));

morphologicalFilter(data, imWidth, imHeight, g_DisplayMode);
checkCudaErrors(cudaGraphicsUnmapResources(1, &cuda_pbo_resource, 0));
glClear(GL_COLOR_BUFFER_BIT);
glBindTexture(GL_TEXTURE_2D, texid);
glBindBuffer(GL_PIXEL_UNPACK_BUFFER, pbo_buffer);
glTexSublmage2D(GL_TEXTURE_2D, 0, 0, 0, imWidth, imHeig ht,
GL_LUMINANCE, GL_UNSIGNED_BYTE, OFFSET(0));
glBindBuffer(GL_PIXEL_UNPACK_BUFFER, 0);
glDisable(GL_DEPTH_TEST);
glEnable(GL_TEXTURE_2D);
glTexParameterf(GL_TEXTURE_2D, GL_TEXTURE_MIN_FILTER, GL_LINEAR);
glTexParamet erf(GL_TEXTURE_2D, GL_TEXTURE_MAG_FILTER, GL_LINEAR);
glTexParameterf(GL_TEXTURE_2D, GL_TEXTURE_WRAP_S, GL_REPEAT);
glTexParameterf(GL_TEXTURE_2D, GL_TEXTURE_WRAP_T, GL_REPEAT);
gIBegin(GL_QUADYS);

glVertex2f(0, 0);
glTexCoord2f(0, 0);
glVertex2f(0, 1);
glTexCoord2f(1, 0);
glVertex2f(1, 1);
glTexCoord2f(1, 1);
glVertex2f(1, 0);
glTexCoord2f(0, 1);
glENd();
gIBindTexture(GL_TEXTURE_2D, 0);
glutSwapBuffers();
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}

void timerEvent(int value)

if(glutG  etWindow())

{
glutPostRedisplay();
glutTimerFunc(REFRESH_DELAY, timerEvent, 0);

}

void keyboard(unsigned char key, int /*x*/, int /*y*/)
{

char temp[256];
switch (key)

case'q"
case 'Q"
printf("Shutting down... \n");
glutDestroyWindow(glutGetWindow());
return;
break;
case 't"
case 'T"
g_DisplayMode = DISPLAY_IMAGE;
sprintf(temp, "CUDA Erosin Detection (%s)",
filterMode[g_DisplayMode]);
glutSetWindowTitle(temp);
break;
case 'a".
case 'A"
g_DisplayMode = MORPHOLOGICAL_EROSION;
sprintf(temp, "CUDA Morphologial Erosion 3x3(%s)",
filterMode[g_DisplayMode]);
glutSetWindowTitle(temp);
break;

case 'b":
case 'B":
g_DisplayMode = MORPHOLOGICAL_EROSION5Xx5;
sprintf(temp, "CUDA Morphologial Erosion 5x5 (%s)",
filterMode[g_DisplayMode]);
glutSetWindowTitle(temp);
break;
case 'c
case 'C"
g_DisplayMode = MORPHOLOGICAL_EROSION7x7;
sprintf(temp, "CUDA Morphologial Erosion 7x7 (%s)",
filterMode[g_DisplayMode]);
glutSetWindowTitle(temp);
break;
case 'd"
case 'D"
g_DisplayMode = MORPHOLOGICAL_DILATION;
sprintf(temp, "CUDA Morphological Dilation (%s)",
filterMode[g_DisplayMode]);
glutSetWindowTitle(temp);
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break;
case 'e"
case 'E".
g_DisplayMode = MORPHOLOGICAL_DILATION5xS5;
sprintf(temp, "CUDA Morphological Dilation 5x5(%s)",
filterMode[g_DisplayMode]);
gl utSetWindowTitle(temp);
break;
case 'f:
case 'F"
g_DisplayMode = MORPHOLOGICAL_DILATION7x7;
sprintf(temp, "CUDA Morphological Dilation 7x7(%s)",
filterMode[g_DisplayMode]);
glutSetWindowTitle(temp);
break;
case'g"
case 'G"
g_DisplayMode = MORPHOLOGICAL_CLOSE;
sprintf(temp, "CUDA Morphological Close (%s)",
filterMode[g_DisplayMode]);

glutSetWindowTitle(temp);
break;
case 'h":
case 'H"
g_DisplayMode = MORPHOLOGICAL_CLOSES5X5;
sprintf(temp, "CUDA Morphological Close 5x5(%s)",
fiterMode[g_DisplayMode));
glutSetWindowTitle(temp);
break;
case 'i":
case 'l"

g_DisplayMode = MORPHOLOGICAL_CLOSE7x7;
sprintf(temp, "CUDA Morphological Close 7x7(%s)",
filterMode[g_DisplayMode]);
glutSetWindowTitle(tem  p);
break;
case J"
case 'J"
g_DisplayMode = MORPHOLOGICAL_OPEN;
sprintf(temp, "CUDA Morphological Open (%s)",
filterMode[g_DisplayMode]);
glutSetWindowTitle(temp);
break;
case 'k"
case 'K":
g_DisplayMode = MORPHOLOGICAL_OPEMN&X
sprintf(temp, "CUDA Morphological Open 5x5(%s)",
filterMode[g_DisplayMode]);
glutSetWindowTitle(temp);
break;
case 'l"
case'L"
g_DisplayMode = MORPHOLOGICAL_OPENT7x7;
sprintf(temp, "CUDA Morphological Open 7x7(%s)",
filterMode[g_Dis  playMode]));
glutSetWindowTitle(temp);
break;
case 'm"
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case 'M"
g_DisplayMode = MEAN_OPERATION;
sprintf(temp, "CUDA Mean Operation 3x3(%s)",
filterMode[g_DisplayMode]);
glutSetWindowTitle(temp);
break;
case 'n":
case 'N"
g_DisplayMode = MEAN_OPERATION5X5;
sprintf(temp, "CUDA Mean Operation 5x5(%s)",
filterMode[g_DisplayMode]);
glutSetWindowTitle(temp);
break;
case '0"
case 'O
g_DisplayMode = MEAN_OPERATION7x7;
sprintf(temp, "CUDA Mean Operation 7x7(%s )",
filterMode[g_DisplayMode));
glutSetWindowTitle(temp);
break;
case 'p"
case 'P"
g_DisplayMode = MEDAIN_OPERATION,;
sprintf(temp, "CUDA medain Operation (%s)",
filterMode[g_DisplayMode]);
glutSetWindowTitle(temp);
break;
case'r
case 'R"
g_DisplayMode = MEDAIN_OPERATION5xX5;
sprintf(temp, "CUDA medain Operation 5x5(%s)",
filterMode[g_DisplayMode]);

glutSetWindowTitle(temp);
break;
case's"
case 'S"
g_DisplayMode = MEDAIN_OPERATION7xX7;
sprintf(temp, "CUDA medain Operation 7x7(%s)",
filterMode[g_DisplayMode]);
glutSetWindowTitle(temp);
break;
default:
break;
}
}
void reshape(int x, int y)
{
glViewport(0, 0, X, y);
gIMatrixMode(GL_PROJECTION);
glLoadldentity  ();
glOrtho(0, 1, 0, 1, O, 1);
gIMatrixMode(GL_MODELVIEW);
glLoadldentity();
}
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void cleanup(void)

{

cudaGraphicsUnregisterResource(cuda_pbo_resource);

glBindBuffer(GL_PIXEL_UNPACK_BUFFER, 0);
glDeleteBuffers(1, &pbo_buffer);
glDeleteTextures(1, &texid);

deleteTexture();

checkCudaErrors(cudaDeviceSynchronize());
sdkStopTimer(&timer);
printf("Processing time: %f (ms) \ n", sdkGetTimerValue(&timer));
printf("%.2f Mpixels/sec \n",
(imwidth *imHeight / (sdkGetTimerValue (&timer) / 1000.0f)) / 1e6);

sdkDeleteTimer(&timer);

cudaDeviceReset();

void initializeData(char *file)
{
GLint bsize;
unsigned int w, h;
size_t file_length= strlen(file);

if (Istrcmp(&file[file_length - 3], "pgm"))
if (sdkLoadPGM<unsigned char>(file, &pixels, &w, &h) = true)
{
printf("Failed to load PGM image file: %s \ n", file);
exit(EXIT_FAILURE);
}
) g_Bpp=1;
else if (Istrcmp(&file[file_length - 3], "bmp"))
{

int i

FILE* f = fopen(file, "rb");

unsigned char info[54];

fread(info, sizeof(unsigned char), 54, f);
int width = *(int*)&info[18];

int height = *(int*)&info[22];

w = width;
h = height;

int size = 3 * width * height;

unsi gned char* data = new unsigned char[size];
pixels = new unsigned char[w*h];

fread(data, sizeof(unsigned char), size, f);
fclose(f);

intcnt = 0;
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for (intj=h -1;j>=0;]j -)

{
for(i=0;i<w*3;i+=3)
{
pixels[cnt++] = data[j*w*3 + i];
}
}
) 9_Bpp=1;
else if (Istrcmp(&file[file_length - 3], "ppm"))
if (sdkLoadPPMA4(file, &pixels, &w, &h) = true)
{
printf("Failed to load PPM image file: %s \ n", file);
exit(EXI T_FAILURE);
}
9_Bpp =4;
else
{
cudaDeviceReset();

exit(EXIT_FAILURE);

imWidth = (int)w;
imHeight = (int)h;
setupTexture(imWidth, imHeight, pixels, g_Bpp);

memset(pixels, 0x0, g_Bpp * sizeof(Pixel) * imWidth * imHeight);

if ('g_bQAReadback)
{
glGenBuffers(1, &pbo_buffer);
glBindBuffer(GL_PIXEL_UNPACK_BUFFER, pbo_buffer);
glBufferData(GL_PIXEL_UNPACK_BUFFER,
g_Bpp * sizeof(Pixel) * imWidth * imHeight,
pixels, GL_STREAM_DRAW);
glGetBufferParameteriv(GL_PIXEL_UNPACK_BUFFER, GL_BUFFER_SIZE, &bsize);
if ((GLuint)bsize !'= (g_Bpp * sizeof(Pixel) * imWidth * imHeight))

printf("Buffer object (%d) has incorrect size (%d). \n"
(unsigned)pbo_buffer, (unsigned)bsize);

cudaDeviceReset();
exit(EXIT_FAILURE);

}

gIBindBuffer(GL_PIXEL_UNPACK_BUFFER, 0);

checkCudaErrors(cudaGraphicsGLRegisterBuffer(&cuda_pbo_resource,
pbo_buffer, cudaGraphicsMapFlagsWriteDiscard));
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glGenTextures(1, &texid);

gIBindTexture(GL_TEXTURE_2D, texid);

glTeximage2D(GL_TEXTURE_2D, 0, ((g_Bpp==1) ? GL_LUMINANCE : GL_BGRA),
imWidth, imHeight, 0, GL_LUMINANCE, GL_UNSIGNED_BYTE, NULL);

glBindTexture(GL_TEXTURE_2D, 0);

glPixelStorei(GL_UNPACK_ALIGNMENT, 1);
glPixelStorei(GL_PACK_ALIGNMENT, 1);

}
}
void initGL(int *argc, char **argv)
{
glutinit(argc, argv);
glutinitDisplayMode(GLUT_RGBA | GLUT_DOUBLE);
glutinitWindowSize(wWidth, wHeight);
glutCreateWindow("CUDA Morphological Operations" );
glewlnit();
}
int main(int argc, char **argv)
{
pArgc = &argc;
pArgv = argv;
printf("%s Starting... \ n\ n", "CUDA Morphological);
initGL(&argc, argv);
sdkCreateTimer(&timer);
sdkResetTimer(&timer);

glutDisplayFunc(display);
glutkeyboardFunc(keyboard);
glutReshapeFunc(reshape);
loadDefaultimage(argv[0]);

printf("  \nQ: QUIT\ n");

printf("  \'nT: display Image (no filtering) \n");

printf("A: Morphological Erosion 3x3 (Using Texture) \n");
printf("B: Morphological Erosion 5x5 (Using Texture) \n");
printf("C: Morphological Erosion 7x7 (Using Texture) \n");
printf("D: Morphological Dilation 3x3 (Using Texture) \n");
printf("E: Morphological Dilation 5x5 (Using Texture) \'n");
printf("F: Morphological Dilation 7x7 (Using Texture) \n");
printf("G: Morphological Close 3x3 (Using Texture) \n");
printf("H: Morphological Close 5x5 (Using Texture) \n");
printf("l: Morphological Close 7x7 (Using Texture) \n");
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printf("J: Morphological Open 3x3 (Using Texture)
printf("K: Morphological Open 5x5 (Using Texture)
printf("L: Morphological Open 7x7 (Using Texture)
printf("M: Mean 3x3 (Using Texture) \n");
printf("N: Mean 5x5 (Using Texture) \n");
printf("O: Mean 7x7 (Using Te xture) \n");
printf("P: Median 3x3 (Using Texture) \n");
printf("R: Median 5x5 (Using Texture) \n");
printf("S: Median 7x7 (Using Texture) \n");

fflush(stdout);

glutCloseFunc(cleanup);

glutTimerFunc(REFRESH_DELAY, timerEvent,0);
glutMa inLoop();
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© Copyright by Khaled M. Algahtani, 2016, all rights reserved

texture<unsigned char, 2> tex;
texture<unsigned char, 2> texTem;

extern __shared__ unsigned char LocalBlock(];
static cudaArray *array = NULL;

static cudaArray *arrayTemp = NULL;
#ifdef FIXED_BLOCKWIDTH

#endif

#define checkCudaErrors(err) __checkCudaErrors (err, __FILE__, _LINE_ )
inline void ___checkCudaErrors(cudaError err, const char *file, const int line)

if (cudaSuccess = err)

{
fpr intf(stderr, "%s(%:i) : CUDA Runtime API error %d: %s. \n",
file, line, (int)err, cudaGetErrorString(err));
exit(EXIT_FAILURE);
}

__device___ unsigned char
ComputeErosion3x3(unsigned char ul,
unsigned char um,

unsigned char ur,

unsigned char ml,

unsigned char mm,

unsigned char mr,

unsigned char Il,

unsigned char Im,

unsigned char Ir

)

{
unsigned char min = ul;
if (um < min) min = um;
if (ur < min) min = ur;
if (ml < min) min = ml;
if (mm < min) min =mm;
if (mr < min) min = mr;
if (I < min) min =1I;
if (Im < min) min = Im;
if (Ir < min) min =1r;
return min;

}
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__device___ unsigned char

ComputeErosion5x5(unsigned char pix00, unsigned char pix01, unsigned char pix02,
unsigned char pix03, unsigned char pix04,

unsigned char pix10, unsigned char pix11, unsigned char pix12, unsigned char
pix13, unsigned char pix14,

unsigned char pix20, unsigned char pix21, unsigned char pix22, unsigned char
pix23, unsigned char pix24,

unsigned char pix30, unsi gned char pix31, unsigned char pix32, unsigned char
pix33, unsigned char pix34,

unsigned char pix40, unsigned char pix41, unsigned char pix42, unsigned char
pix43, unsigned char pix44

)
{
unsigned char min = pix00;
if (pix01 < min) min = pix01;
if (pix0 2 < min) min = pix02;
if (pix03 < min) min = pix03;
if (pix04 < min) min = pix04;
if (pix10 < min) min = pix10;
if (pix11 < min) min = pix11;
if (pix12 < min) min = pix12;
if (pix13 < min) min = pix13;
if (pix14 < min) min = pix14;
if (pix20 < mi n) min = pix20;
if (pix21 < min) min = pix21;
if (pix22 < min) min = pix22;
if (pix23 < min) min = pix23;
if (pix24 < min) min = pix24;
if (pix30 < min) min = pix30;
if (pix31 < min) min = pix31;
if (pix32 < min) min = pix32;
if (pix33 < min) min = pix33;
if (pix34 < min) min = pix34;
if (pix40 < min) min = pix40;
if (pix41 < min) min = pix41;
if (pix42 < min) min = pix42;
if (pix43 < min) min = pix43;
if (pix44 < min) min = pix44;
return min;
}

__device___ unsigned char

ComputeErosion7x7( unsigned char pix00, unsigned char pix01, unsigned char pix02,
unsigned char pix03, unsigned char pix04, unsigned char pix05, unsigned char
pix06,

unsigned char pix10, unsigned char pix11, unsigned char pix12, unsigned char
pix13, unsigned char pix14, unsi gned char pix15, unsigned char pix16,
unsigned char pix20, unsigned char pix21, unsigned char pix22, unsigned char
pix23, unsigned char pix24, unsigned char pix25, unsigned char pix26,
unsigned char pix30, unsigned char pix31, unsigned char pix32, unsigned
pix33, unsigned char pix34, unsigned char pix35, unsigned char pix36,
unsigned char pix40, unsigned char pix41, unsigned char pix42, unsigned char
pix43, unsigned char pix44, unsigned char pix45, unsigned char pix46,
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unsigned char pix50, unsigned cha r pix51, unsigned char pix52, unsigned char
pix53, unsigned char pix54, unsigned char pix55, unsigned char pix56,

unsigned char pix60, unsigned char pix61, unsigned char pix62, unsigned char
pix63, unsigned char pix64, unsigned char pix65, unsigned char pi x66
)

{

unsigned char min = pix00;
if (pix01 < min) min = pix01;
if (pix02 < min) min = pix02;
if (pix03 < min) min = pix03;
if (pix04 < min) min = pix04;
if (pix05 < min) min = pix05;
if (pix06 < min) min = pix06;

if (pix10 < min) min = pix10;
if (pix11 < min) min = pix11;
if (pix12 < min) min = pix12;
if (pix13 < min) min = pix13;
if (pix14 < min) min = pix14;
if (pix15 < min) min = pix15;
if (pix16 < min) min = pix16;

if (pix20 < min) min = pix20;
if (pix21 < min) min = pix21;
if (pix 22 < min) min = pix22;
if (pix23 < min) min = pix23;
if (pix24 < min) min = pix24;
if (pix25 < min) min = pix25;
if (pix26 < min) min = pix26;

if (pix30 < min) min = pix30;
if (pix31 < min) min = pix31;
if (pix32 < min) min = pix32;
if (pix33 < mi n) min = pix33;
if (pix34 < min) min = pix34;
if (pix35 < min) min = pix35;
if (pix36 < min) min = pix36;

if (pix40 < min) min = pix40;
if (pix41 < min) min = pix41;
if (pix42 < min) min = pix42;
if (pix43 < min) min = pix43;
if (pix44 < min) min = pix44;
if (pix45 < min) min = pix45;
if (pix46 < min) min = pix46;

if (pix50 < min) min = pix50;
if (pix51 < min) min = pix51;
if (pix52 < min) min = pix52;
if (pix53 < min) min = pix53;
if (pix54 < min) min = pix54;
if (pix55 < min) min = pix55 ;
if (pix56 < min) min = pix56;

if (pix60 < min) min = pix60;
if (pix61 < min) min = pix61;
if (pix62 < min) min = pix62;
if (pix63 < min) min = pix63;
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if (pix64 < min) min = pix64;
if (pix65 < min) min = pix65;
if (pix66 < Min) min = pix66;

ret urn min;

}

__device___ unsigned char
ComputeDilation3x3(unsigned char ul,
unsigned char um,

unsigned char ur,

unsigned char ml,

unsigned char mm,

unsigned char mr,

unsigned char Il,

unsigned char Im,

unsigned char Ir

)

{
unsigned char max = ul;
if (um > max) max = um;
if (ur > max) max = ur;
if (ml > max) max = ml;
if (mm > max) max = mm;
if (mr > max) max = mr;
if (I’> max) max = II;
if (Im > max) max = Im;
if (Ir > max) max =1r;
return max;

}

__device__ unsigned char

ComputeDilation5x5(unsigned char pix00, unsigned char pix01, unsigned char pix02,

unsigned char pix03, unsigned char pix04,

unsigned char pix10, unsigned char pix11, unsigned char pix12, unsigned char

pix13, unsigned char pix14,

unsigned char pix20, unsign ed char pix21, unsigned char pix22, unsigned char

pix23, unsigned char pix24,

unsigned char pix30, unsigned char pix31, unsigned char pix32, unsigned char

pix33, unsigned char pix34,

unsigned char pix40, unsigned char pix41, unsigned char pix42, unsigned c

pix43, unsigned char pix44
)
{

unsigned char max = pix00;

if (pix01 > max) max = pix01;
if (pix02 > max) max = pix02;
if (pix03 > max) max = pix03;
if (pix04 > max) max = pix04;

if (pix10 > max) max = pix10;
if (pix11 > max) max = pix11,;
if (p ix12 > max) max = pix12;
if (pix13 > max) max = pix13;
if (pix14 > max) max = pix14;
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if (pix20 > max) max = pix20;
if (pix21 > max) max = pix21;
if (pix22 > max) max = pix22;
if (pix23 > max) max = pix23;
if (pix24 > max) max = pix24;

if (pix30 > max) max = pix30;
if (pix31 > max) max = pix31,;
if (pix32 > max) max = pix32;
if (pix33 > max) max = pix33;
if (pix34 > max) max = pix34;

if (pix40 > max) max = pix40;
if (pix41 > max) max = pix41,;
if (pix42 > max) max = pix42;
if (pix43 > max) max = pix43;
if (pix44 > max) max = pix44,

return max;

}

__device___ unsigned char

ComputeDilation7x7(unsigned char pix00, unsigned char pix01, unsigned char pix02,
unsigned char pix03, unsigned char pix04, unsigned char pix05, unsigned char
pix06,

unsi gned char pix10, unsigned char pix11, unsigned char pix12, unsigned char
pix13, unsigned char pix14, unsigned char pix15, unsigned char pix16,

unsigned char pix20, unsigned char pix21, unsigned char pix22, unsigned char
pix23, unsigned char pix24, unsigned char pix25, unsigned char pix26,
unsigned char pix30, unsigned char pix31, unsigned char pix32, unsigned char
pix33, unsigned char pix34, unsigned char pix35, unsigned char pix36,

unsigned char pix40, unsigned char pix41, unsigned char pix42, unsigned cha

pix43, unsigned char pix44, unsigned char pix45, unsigned char pix46,

unsigned char pix50, unsigned char pix51, unsigned char pix52, unsigned char
pix53, unsigned char pix54, unsigned char pix55, unsigned char pix56,

unsigned char pix60, unsigned char pi x61, unsigned char pix62, unsigned char
pix63, unsigned char pix64, unsigned char pix65, unsigned char pix66

)

{

unsigned char max = pix00;

if (pix01 > max) max = pix01;

if (pix02 > max) max = pix02;

if (pix03 > max) max = pix03;

if (pix04 > max) max = pix04;
if (pix05 > max) max = pix05;

if (pix06 > max) max = pix06;

if (pix10 > max) max = pix10;
if (pix11 > max) max = pix11,;
if (pix12 > max) max = pix12;
if (pix13 > max) max = pix13;
if (pix14 > max) max = pix14;
if (pix15 > max) max = pix15;
if (pix16 > max) max = pix16;

if (pix20 > max) max = pix20;
if (pix21 > max) max = pix21,;
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if (pix22 > max) max = pix22;
if (pix23 > max) max = pix23;
if (pix24 > max) max = pix24;
if (pix25 > max) max = pix25;
if (pix26 > max) max = pix26;

if (pix30 > max) max = pix30;
if (pix31 > max) max = pix31;
if (pix32 > max) max = pix32;
if (pix33 > max) max = pix33;
if (pix34 > max) max = pix34;
if (pix35 > max) max = pix35;
if (pix36 > max) max = pix36;

if (pix40 > max) max = pix40;
if (pix41 > max) max = pix41,;
if (pix42 > max) max = pix42;
if (pix43 > max) max = pix43;
if (pix44 > max) max = pix44;
if (pix45 > max) max = pix45;
if (pix46 > max) max = pix46;

if (pix50 > max) max = pix50;
if (pix51 > max) max = pix51;
if (pix52 > max) max = pix52;
if (pix53 > max) max = pix53;
if (pix54 > max) max = pix54;
if (pix55 > max) max = pix55;
if (pix56 > max) max = pix56;

if (pix60 > max) max = pix60;
if (pix61 > max) max = pix61,;
if (pix62 > max) max = pix62;
if (pix63 > max) max = pix63;
if (pix64 > max) max = pix64;
if (pix65 > max) max = pix65;
if (pix66 > max) max = pix66;

return max;

}

__device___unsigned char
ComputeMean3x3(unsigned char ul,
unsigned char um,

unsigned char ur,

unsigned char ml,

unsigned char mm,

unsigned char mr,

unsigned char Il,

unsigned char Im,

unsigned char Ir

)
{

short sum=ul+um +ur+ml+mm+mr+Il+Im +Ir;
unsigned char mean = (sum/ 9.0);

return mean;
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}

__device___ unsigned char
ComputeMean5x5(unsign ed char pix00, unsigned char pix01, unsigned char pix02,
unsigned char pix03, unsigned char pix04,
unsigned char pix10, unsigned char pix11, unsigned char pix12, unsigned char
pix13, unsigned char pix14,
unsigned char pix20, unsigned char pix21, unsigned c har pix22, unsigned char
pix23, unsigned char pix24,
unsigned char pix30, unsigned char pix31, unsigned char pix32, unsigned char
pix33, unsigned char pix34,
unsigned char pix40, unsigned char pix41, unsigned char pix42, unsigned char
pix43, unsigned char pix44
)
{
short sum = pix00 + pix01 + pix02 + pix03 + pix04 +

pix10 + pix11l + pix12 + pix13 + pix14 +

pix20 + pix21 + pix22 + pix23 + pix24 +

pix30 + pix31 + pix32 + pix33 + pix34 +

pix40 + pix41l + pix42 + pix43 + pix44;

unsigned char mean = (sum/ 25.0);

return mean;

__device___ unsigned char

ComputeMean7x7(unsigned char pix00, unsigned char pix01, unsigned char pix02,
unsigned char pix03, unsigned char pix04, unsigned char pix05, unsigned char

pix06,

unsigned char pix10, unsigned char pix11, unsigned char pix12, unsigned char
pix13, unsigned char pix14, unsigned char pix15, unsigned char pix16,

unsigned char pix20, unsigned char pix21, unsigned char pix22, unsigned char

pix23, unsigned char pix24, unsigned char pix25, unsigned char pix2 6,
unsigned char pix30, unsigned char pix31, unsigned char pix32, unsigned char

pix33, unsigned char pix34, unsigned char pix35, unsigned char pix36,

unsigned char pix40, unsigned char pix41, unsigned char pix42, unsigned char

pix43, unsigned char pix44, u nsigned char pix45, unsigned char pix46,
unsigned char pix50, unsigned char pix51, unsigned char pix52, unsigned char

pix53, unsigned char pix54, unsigned char pix55, unsigned char pix56,

unsigned char pix60, unsigned char pix61, unsigned char pix62, unsig ned char
pix63, unsigned char pix64, unsigned char pix65, unsigned char pix66

)

{

unsigned short sum = (pix00 + pix01 + pix02 + pix03 + pix04 + pix05 +
pix06);

sum = sum + (pix10 + pix11l + pix12 + pix13 + pix14 + pix15 + pix16);
sum =sum + (pix20 + p  ix21 + pix22 + pix23 + pix24 + pix25 + pix26);
sum = sum + (pix30 + pix31 + pix32 + pix33 + pix34 + pix35 + pix36);
sum = sum + (pix40 + pix41 + pix42 + pix43 + pix44 + pix45 + pix46);
sum = sum + (pix50 + pix51 + pix52 + pix53 + pix54 + pix55 + pix56);
sum = sum + (pix60 + pix61 + pix62 + pix63 + pix64 + pix65 + pix66);

unsigned char mean = (sum / 49.0);
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return mean;

__device___ unsigned char
ComputeMedian3x3(unsigned char ul,
unsigned char um,

unsigned char ur,

unsigned char ml,

unsigned char mm,

unsigned char mr,

unsigned char Il,

unsigned char Im,

unsigned char Ir

)
{
unsigned char medainArray[9] = { ul, um, ur, ml, mm, mr, Il, Im, Ir };
unsigned char iMin, temp;
int i, iFirst;
for (iFirst = 0; iFirst < 8; iFirst++)
{
iMin = iFirst;
for (i = iFirst; i < 9; i++)
{
if (medainArrayl[i] < medainArray[iMin])
iMin =1;
}
}
temp = medainArray[iMin];
medainArray[iMin] = medainArray[iFirst];
medainArray[iFirst] = temp;
}
return medainArray[4];
}

__device___unsigned char

ComputeMedian5x5(unsigned char pix00, unsigned char pix01, unsigned char pix02,
unsigned char pix03, unsigned char pix04,

unsigned char pix10, unsigned char pix11, unsigned char pix12, unsigned char
pix13, unsigned char pix14,

unsigned char pix20, unsigned char pix21, unsigned char pix22, unsigned char
pix23, unsigned char pix24,

unsigned char pix30, unsigned char pix31, unsigned char pix32, unsigned char
pix33, unsigned char pix34,

unsigned char pix40, unsigned char pix41, uns igned char pix42, unsigned char
pix43, unsigned char pix44

)

{
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unsigned char medainArray[25] = { pix00, pix01, pix02, pix03, pix04, pix10,
pix11, pix12, pix13, pix14, pix20, pix21, pix22, pix23, pix24, pix30, pix31,
pix32, pix33, pix34, pix40, pix41, pix4 2, pix43, pix44 };

unsigned char iMin, temp;
int i, iFirst;

for (iFirst = 0; iFirst < 24; iFirst++)
{
iMin = iFirst;
for (i = iFirst; i < 25; i++)
{

if (medainArray[i] < medainArray[iMin])

iMin = i;

}

temp = medainArray[iMin];
medainArray[iMin] = medainArray[iFirst];
medainArray[iFirst] = temp;

}

return medainArray[12];

__device___unsigned char

ComputeMedian7x7(unsigned char pix00, unsigned char pix01, unsigned char pix02,
unsigned char pix03, unsi gned char pix04, unsigned char pix05, unsigned char
pix06,

unsigned char pix10, unsigned char pix11, unsigned char pix12, unsigned char
pix13, unsigned char pix14, unsigned char pix15, unsigned char pix16,

unsigned char pix20, unsigned char pix21, unsigned char pix22, unsigned char
pix23, unsigned char pix24, unsigned char pix25, unsigned char pix26,

unsigned char pix30, unsigned char pix31, unsigned char pix32, unsigned char
pix33, unsigned char pix34, unsigned char pix35, unsigned char pix36,

unsigned cha r pix40, unsigned char pix41, unsigned char pix42, unsigned char
pix43, unsigned char pix44, unsigned char pix45, unsigned char pix46,

unsigned char pix50, unsigned char pix51, unsigned char pix52, unsigned char
pix53, unsigned char pix54, unsigned char pi x55, unsigned char pix56,
unsigned char pix60, unsigned char pix61, unsigned char pix62, unsigned char
pix63, unsigned char pix64, unsigned char pix65, unsigned char pix66

)

{
unsigned char medainArray[49] = { pix00, pix01, pix02, pix03, pix04, pix05,

pix 06,

pix10, pix11, pix12, pix13, pix14, pix15, pix16,

pix20, pix21, pix22, pix23, pix24, pix25, pix26,

pix30, pix31, pix32, pix33, pix34, pix35, pix36,

pix40, pix41l, pix42, pix43, pix44, pix45, pix46,

pix50, pix51, pix52, pix53, pix54, pix55, pix5 6,

pix60, pix61, pix62, pix63, pix64, pix65, pix66};

unsigned char iMin, temp;
inti, iFirst;
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for (iFirst = O; iFirst < 48; iFirst++)

{
iMin = iFirst;
for (i = iFirst; i < 49; i++)
{
if (medainArray[i] < medainArray[iMin])
iMin=i;
}
}
temp = medainArray[iMin];
medainArray[iMin] = medainArray[iFirst];
medainArray[iFirst] = temp;
}
return medainArray[24];
}
__global__ void
{
unsigned char *plmage =
(unsigned char *)(((char *) pImageOriginal)+blockldx.x*Pitch);
for (inti = threadldx.x; i <w; i +=blockDim.x) {
plmageli] = min(max((tex2D(tex, (float) i, (float) blockldx.x) * 1.f),
0.f), 255.f);
}
}
__global__ void
{
unsigned char *plmage =
(unsigned char *)(((char *)plmageOriginal) + blockldx.x*Pitch);
for (int i = threadldx.x; i < w; i += blockDim.x)
{
unsigned char pix00 = tex2D(tex, (float)i - 1, (float)blockldx.x
1)
unsigned char pix01 = tex2D(tex, (float)i + 0, (float)blockldx.x
1)
unsigned char pix02 = tex2D(tex, (float)i + 1, (float)blockldx.x
1)
unsigned char pix10 = tex2D(tex, (float)i - 1, (float)blockldx.x +
0);
unsigned char pix11 = tex2D(tex, (float)i + 0, (float)blockldx.x +
0);
unsigned char pix12 = tex2D(tex, (float)i + 1, (float)blockldx.x +
0);
unsigned char pix20 = tex2D(tex, (float)i - 1, (float)blockldx.x +
1)
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1);

1);

__global__ void

{

2);
2);
2);
2);

2);

1);
1);
1);
1)

1);

0);
0);
0);
0);

0);

1);
1);

1);

unsigned char pix21 = tex2D(tex, (float)i + 0, (float)blockldx.x +
unsigned char pix22 = tex2D(tex, ( float)i + 1, (float)blockldx.x +
plmageli] = ComputeErosion3x3(pix00, pix01, pix02,

pix10, pix11, pix12,
pix20, pix21, pix22);

unsigned char *plmage =

(unsigned char *)(((char *)plmageOriginal) + blockldx.x*Pitch);

for (int i = threadldx.x; i < w; i += blockDim.x)

{

unsigned char pix00 = tex2D(tex, (float)i - 2, (float)blockldx.x
unsigned char pix01 = tex2D(tex, (float)i - 1, (float)blockldx.x
unsigned char pix02 = tex2D(tex, (float)i + O, (float)blockldx.x

unsigned char pix03 = tex2D(tex, (float)i + 1, (float)blockldx.x

unsigned char pix04 = tex2D(tex, (float)i + 2, (float)blockldx.x

unsigned char pix10 = tex2D(tex, (float)i - 2, (float)blockldx.x
unsigned ¢ har pix11 = tex2D(tex, (float)i - 1, (float)blockldx.x
unsigned char pix12 = tex2D(tex, (float)i + 0, (float)blockldx.x

unsigned char pix13 = tex2D(tex, (float)i + 1, (float)blockldx.x

unsigned char pix14 = tex2D(tex, (float)i + 2, (float)blockldx.x
unsigned char pix20 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix21 = tex2D(tex, (float)i - 1, (float)blockldx.x +

unsigned char pix22 = tex2D(tex, (float)i + 0, (float)blockldx.x +
unsigned ¢ har pix23 = tex2D(tex, (float)i + 1, (float)blockldx.x +

unsigned char pix24 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix30 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix31 = tex2D(tex, (float)i - 1, (float)blockldx.x +

unsigned char pix32 = tex2D(tex, (float)i + 0, (float)blockldx.x +
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unsigned char pix33 = tex2D(tex, (float)i + 1, (float)blockldx.x +

13; unsigned char pix34 = tex2D(tex, (float)i + 2, (float)blockldx.x +
1);
unsigned char pix40 = tex2D(tex, (float)i - 2, (float)blockldx.x +
2 unsigned char pix41 = tex2D(tex, (float)i - 1, (float)blockldx.x +
2 unsigned char pix42 = tex2D(tex, (float)i + 0, (float)blockldx.x +
2 unsigned char pix43 = tex2D(tex, (float)i + 1, (float)blockldx.x +
Z unsigned char pix44 = tex2D(tex, (float)i + 2, (float)blockldx.x +
plmageli] = ComputeErosion5x5(pix00, pix01, pix02, pix03, pix04,
pix10, pix11, pix12, pix13, pix14,
pix20, pix21, pix22, pix23, pix24,
pix30, pix31, pix32, pix33, pix34,
pix40, pix41, pix42, pix43, pix44);
}
}
__global__ void
{ unsigned char *plmage =
(unsigned char *)(((char *)plmageOriginal) + blockldx.x*Pitch);

for (int i = threadldx.x; i < w; i += blockDim.x)

{ unsigned char pix 00 = tex2D(tex, (float)i - 3, (float)blockldx.x
¥ unsigned char pix01 = tex2D(tex, (float)i - 2, (float)blockldx.x
¥ unsigned char pix02 = tex2D(tex, (float)i - 1, (float)blockldx.x
¥ unsigned char pix03 = tex2D(tex, (float)i + O, (float) blockldx.x
¥ unsigned char pix04 = tex2D(tex, (float)i + 1, (float)blockldx.x
¥ unsigned char pix05 = tex2D(tex, (float)i + 2, (float)blockldx.x
Z unsigned char pix06 = tex2D(tex, (float)i + 3, (float)blockldx.x

unsigned char pix 10 = tex2D(tex, (float)i - 3, (float)blockldx.x
2 unsigned char pix11 = tex2D(tex, (float)i - 2, (float)blockldx.x
2 unsigned char pix12 = tex2D(tex, (float)i - 1, (float)blockldx.x
2 unsigned char pix13 = tex2D(tex, (float)i + O, (float) blockldx.x
2 unsigned char pix14 = tex2D(tex, (float)i + 1, (float)blockldx.x
23, unsigned char pix15 = tex2D(tex, (float)i + 2, (float)blockldx.x
2);
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2);

1)
1)
1)
1)
1)
1)

1);

0);
0);
0);
0);
0);
0);

0);

1);
1)
1);
1);
1)
1)

1);

2);
2);
2);
2);

2);

unsigned char pix16 = tex2D(tex, (float)i + 3, (float)blockldx.x

unsigned char  pix20 = tex2D(tex, (float)i - 3, (float)blockldx.x
unsigned char pix21 = tex2D(tex, (float)i - 2, (float)blockldx.x
unsigned char pix22 = tex2D(tex, (float)i - 1, (float)blockldx.x
unsigned char pix23 = tex2D(tex, (float)i + 0, (flo at)blockldx.x

unsigned char pix24 = tex2D(tex, (float)i + 1, (float)blockldx.x
unsigned char pix25 = tex2D(tex, (float)i + 2, (float)blockldx.x

unsigned char pix26 = tex2D(tex, (float)i + 3, (float)blockldx.x

unsigned char  pix30 = tex2D(tex, (float)i - 3, (float)blockldx.x +
unsigned char pix31 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix32 = tex2D(tex, (float)i - 1, (float)blockldx.x +
unsigned char pix33 = tex2D(tex, (float)i + 0, (flo at)blockldx.x +

unsigned char pix34 = tex2D(tex, (float)i + 1, (float)blockldx.x +
unsigned char pix35 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix36 = tex2D(tex, (float)i + 3, (float)blockldx.x +

unsigned char  pix40 = tex2D(tex, (float)i - 3, (float)blockldx.x +
unsigned char pix41 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix42 = tex2D(tex, (float)i - 1, (float)blockldx.x +
unsigned char pix43 = tex2D(tex, (float)i + 0, (flo at)blockldx.x +

unsigned char pix44 = tex2D(tex, (float)i + 1, (float)blockldx.x +
unsigned char pix45 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix46 = tex2D(tex, (float)i + 3, (float)blockldx.x +

unsigned char  pix50 = tex2D(tex, (float)i - 3, (float)blockldx.x +
unsigned char pix51 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix52 = tex2D(tex, (float)i - 1, (float)blockldx.x +
unsigned char pix53 = tex2D(tex, (float)i + 0, (flo at)blockldx.x +

unsigned char pix54 = tex2D(tex, (float)i + 1, (float)blockldx.x +
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unsigned char pix55 = tex2D(tex, (float)i + 2, (float)blockldx.x +

2);
unsigned char pix56 = tex2D(tex, (float)i + 3, (float)blockldx.x +
2);
unsigned char  pix60 = tex2D(tex, (float)i - 3, (float)blockldx.x +
3);
unsigned char pix61 = tex2D(tex, (float)i - 2, (float)blockldx.x +
3);
unsigned char pix62 = tex2D(tex, (float)i - 1, (float)blockldx.x +
3);
unsigned char pix63 = tex2D(tex, (float)i + 0, (flo at)blockldx.x +
3);
unsigned char pix64 = tex2D(tex, (float)i + 1, (float)blockldx.x +
3);
unsigned char pix65 = tex2D(tex, (float)i + 2, (float)blockldx.x +
3);
unsigned char pix66 = tex2D(tex, (float)i + 3, (float)blockldx.x +
3);
plmagelfi] = Co mputeErosion7x7(pix00, pix01, pix02, pix03, pix04,
pix05, pix06,
pix10, pix11, pix12, pix13, pix14, pix15, pix16,
pix20, pix21, pix22, pix23, pix24, pix25, pix26,
pix30, pix31, pix32, pix33, pix34, pix35, pix36,
pix40, pix41, pix42, pix43, pix4 4, pix45, pix46,
pix50, pix51, pix52, pix53, pix54, pix55, pix56,
pix60, pix61, pix62, pix63, pix64, pix65, pix66
);
}
}
__global__ void
{
unsigned char *plmage =
(unsigned char *)(((char *)plmageOriginal) + blockldx.x*Pitch);
for (inti= threadldx.x; i < w; i += blockDim.x)
{
unsigned char pix00 = tex2D(tex, (float)i - 1, (float)blockldx.x
1)
unsigned char pix01 = tex2D(tex, (float)i + O, (float)blockldx.x
1)
unsigned char pix02 = tex2D(tex, (float)i + 1, (float)blockldx.x
1)
unsigned char pix10 = tex2D(tex, (float)i - 1, (float)blockldx.x +
0);
unsigned char pix11 = tex2D(tex, (float)i + 0, (float)blockldx.x +
0);
unsigned char pix12 = tex2D(tex, (float)i + 1, (float)blockldx.x +
0);
unsigned char pix20 = tex2D(tex, (float)i - 1, (float)blockldx.x +
1)
unsigned char pix21 = tex2D(tex, (float)i + 0, (float)blockldx.x +
1)
unsigned char pix22 = tex2D(tex, (float)i + 1, (float)blockldx.x +
1)

plmageli] = ComputeDilation3x3(pix00, pix01, pix02,
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pix10, pix11, pix12,
pix20, pix21, pix22);

}
}
__global__ void
{ unsigned char *plmage =
(unsigned char *)(((char *)pImageOriginal) + blockldx.x*Pitch);
for (int i = threadldx.x; i < w; i += blockDim.x)
{ unsigned char pix00 = tex2D(tex, (float)i - 2, (float)blockldx.x
2 unsigned char pix01 = tex2D(tex, (float)i - 1, (float)blockldx.x
2 unsigned char pix02 = tex2D(tex, (float)i + 0, (float)blockldx.x
2 unsigned char pix03 = tex2D(tex, (float)i + 1, (float)blockldx.x
2 unsigned ch ar pix04 = tex2D(tex, (float)i + 2, (float)blockldx.x
unsigned char pix10 = tex2D(tex, (float)i - 2, (float)blockldx.x
Y unsigned char pix11 = tex2D(tex, (float)i - 1, (float)blockldx.x
Y unsigned char pix12 = tex2D(tex, (float)i + O, (float)blockldx.x
Y unsigned char pix13 = tex2D(tex, (float)i + 1, (float)blockldx.x
Y unsigned char pix14 = tex2D(tex, (float)i + 2, (float)blockldx.x
1)
unsigned char pix20 = tex2D(tex, (float)i - 2, (float)blockldx.x +
o unsigned ¢ har pix21 = tex2D(tex, (float)i - 1, (float)blockldx.x +
o unsigned char pix22 = tex2D(tex, (float)i + 0, (float)blockldx.x +
o unsigned char pix23 = tex2D(tex, (float)i + 1, (float)blockldx.x +
Zj unsigned char pix24 = tex2D(tex, (float)i + 2, (float)blockldx.x +
unsigned char pix30 = tex2D(tex, (float)i - 2, (float)blockldx.x +
Y unsigned char pix31 = tex2D(tex, (float)i - 1, (float)blockldx.x +
Y unsigned char pix32 = tex2D(tex, (float)i + 0, (float)blockldx.x +
Y unsigned ¢ har pix33 = tex2D(tex, (float)i + 1, (float)blockldx.x +
3 unsigned char pix34 = tex2D(tex, (float)i + 2, (float)blockldx.x +
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unsigned char pix40 = tex2D(tex, (float)i - 2, (float)blockldx.x +

2 unsigned char pix41 = tex2D(tex, (float)i - 1, (float)blockldx.x +
2 unsigned char pix42 = tex2D(tex, (float)i + 0, (float)blockldx.x +
2 unsigned char pix43 = tex2D(tex, (float)i + 1, (float)blockldx.x +
Z unsigned char pix44 = tex2D(tex, (float)i + 2, (float)blockldx.x +
plmagefi] = ComputeDilation5x5(pix00, pix01, pix02, pix03, pix04,
pix10, pix11, pix12, pix13, pix14,
pix20, pix21, pix22, pix23, pix24,
pix30, pix31, pix32, pix33, pix34,
pix40, pix41, pix42, pix43, pix44);
}
}
__global__ void
{ unsigned char *plmage =
(unsigned char *)(((char *)plmageOriginal) + blockldx.x*Pitch);

for (int i = threadldx.x; i < w; i += blockDim.x)

{ unsigned char pix00 = tex2D(tex, (float)i - 3, (float)blockldx.x
¥ unsigned char pix01 = tex2D(tex, (float)i - 2, (float)blo ckldx.x
¥ unsigned char pix02 = tex2D(tex, (float)i - 1, (float)blockldx.x
¥ unsigned char pix03 = tex2D(tex, (float)i + O, (float)blockldx.x
¥ unsigned char pix04 = tex2D(tex, (float)i + 1, (float)blockldx.x
¥ unsigned char pix05 = tex2D(tex, (float)i + 2, (float)blockldx.x
: unsigned char pix06 = tex2D(tex, (float)i + 3, (float)blockldx.x

unsigned char pix10 = tex2D(tex, (float)i - 3, (float)blockldx.x

2 unsigned char pix11 = tex2D(tex, (float)i - 2, (float)blo ckldx.x
2 unsigned char pix12 = tex2D(tex, (float)i - 1, (float)blockldx.x
2 unsigned char pix13 = tex2D(tex, (float)i + 0, (float)blockldx.x
2 unsigned char pix14 = tex2D(tex, (float)i + 1, (float)blockldx.x
2 unsigned char pix15 = tex2D(tex, (float)i + 2, (float)blockldx.x
23, unsigned char pix16 = tex2D(tex, (float)i + 3, (float)blockldx.x
2);

) unsigned char pix20 = tex2D(tex, (float)i - 3, (float)blockldx.x
1);
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1)
1)
1)
1)
1)

1);

0);
0);
0);
0);
0);
0);

0);

1)
1);
1)
1);
1);
1)

1);

2);
2);
2);
2);
2);
2);

2);

unsigned char pix21 = tex2D(tex, (float)i - 2, (float)blo ckldx.x
unsigned char pix22 = tex2D(tex, (float)i - 1, (float)blockldx.x
unsigned char pix23 = tex2D(tex, (float)i + 0, (float)blockldx.x

unsigned char pix24 = tex2D(tex, (float)i + 1, (float)blockldx.x

unsigned char pix25 = tex2D(tex, (float)i + 2, (float)blockldx.x

unsigned char pix26 = tex2D(tex, (float)i + 3, (float)blockldx.x

unsigned char pix30 = tex2D(tex, (float)i - 3, (float)blockldx.x +
unsigned char pix31 = tex2D(tex, (float)i - 2, (float)blo ckldx.x +
unsigned char pix32 = tex2D(tex, (float)i - 1, (float)blockldx.x +

unsigned char pix33 = tex2D(tex, (float)i + 0, (float)blockldx.x +
unsigned char pix34 = tex2D(tex, (float)i + 1, (float)blockldx.x +
unsigned char pix35 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix36 = tex2D(tex, (float)i + 3, (float)blockldx.x +

unsigned char pix40 = tex2D(tex, (float)i - 3, (float)blockldx.x +
unsigned char pix41 = tex2D(tex, (float)i - 2, (float)blo ckldx.x +
unsigned char pix42 = tex2D(tex, (float)i - 1, (float)blockldx.x +

unsigned char pix43 = tex2D(tex, (float)i + 0, (float)blockldx.x +
unsigned char pix44 = tex2D(tex, (float)i + 1, (float)blockldx.x +
unsigned char pix45 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix46 = tex2D(tex, (float)i + 3, (float)blockldx.x +

unsigned char pix50 = tex2D(tex, (float)i - 3, (float)blockldx.x +
unsigned char pix51 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix52 = tex2D(tex, (float)i - 1, (float)blockldx.x +

unsigned char pix53 = tex2D(tex, (float)i + 0, (float)blockldx.x +
unsigned char pix54 = tex2D(tex, (float)i + 1, (float)blockldx.x +
unsigned ch ar pix55 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix56 = tex2D(tex, (float)i + 3, (float)blockldx.x +
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unsigned char pix60 = tex2D(tex, (float)i - 3, (float)blockldx.x +

3);
unsigned char pix61 = tex2D(tex, (float)i - 2, (float)blockldx.x +
3);
unsigned char pix62 = tex2D(tex, (float)i - 1, (float)blockldx.x +
3);
unsigned char pix63 = tex2D(tex, (float)i + 0, (float)blockldx.x +
3);
unsigned char pix64 = tex2D(tex, (float)i + 1, (float)blockldx.x +
3);
unsigned ch ar pix65 = tex2D(tex, (float)i + 2, (float)blockldx.x +
3);
unsigned char pix66 = tex2D(tex, (float)i + 3, (float)blockldx.x +
3);
plmageli] = ComputeDilation7x7(pix00, pix01, pix02, pix03, pix04,
pix05, pix06,
pix10, pix11, pix12, pix13, pix14, pi x15, pix16,
pix20, pix21, pix22, pix23, pix24, pix25, pix26,
pix30, pix31, pix32, pix33, pix34, pix35, pix36,
pix40, pix41, pix42, pix43, pix44, pix45, pix46,
pix50, pix51, pix52, pix53, pix54, pix55, pix56,
pix60, pix61, pix62, pix63, pix64 , PiX65, pix66
);
}
}
__global__ void
{
unsigned char *plmage =
(unsigned char *)(((char *)plmageOriginal) + blockldx.x*Pitch);
for (int i = threadldx.x; i < w; i += blockDim.x)
{
unsigned char pix00 = tex2D(texTem, (float)i - 1, (float)blockldx.x
- )
unsigned char pix01 = tex2D(texTem, (float)i + O, (float)blockldx.x
- )
unsigned char pix02 = tex2D(texTem, (float)i + 1, (float)blockldx.x
- )
unsigned char pix10 = tex2D(texTem, (float)i - 1, (float)blockldx.x
+0);
unsigned char pix11 = tex2D(texTem, (float)i + 0, (float)blockldx.x
+ 0);
unsigned char pix12 = tex2D(texTem, (float)i + 1, (float)blockldx.x
+0);
unsigned char pix20 = tex2D(texTem, (float)i - 1, (float)blockldx.x
+1);
unsigned char pix21 = tex2D(te xTem, (float)i + 0, (float)blockldx.x
+1);
unsigned char pix22 = tex2D(texTem, (float)i + 1, (float)blockldx.x
+1);
plmageli] = ComputeErosion3x3(pix00, pix01, pix02,
pix10, pix11, pix12,
pix20, pix21, pix22);
}
}
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__global__ void

{

+0);
+0);
+0);
+0);

+ 0);

+ 1),
+ 1),
+1);
+ 1),

+1);

+2);
+2);

+2);

unsigned char *plmage =

(unsigned char *)(((char *)plmageOriginal) + blockldx.x*Pitch);

for (int i = threadldx.x; i < w; i += blockDim.x)

{

unsigned char pix00 = tex2D(texTem, (float)i - 2, (float)blockldx.x
unsigned char pix01 = tex2D(texTem, (float)i - 1, (float)blockldx.x
unsigned char pix02 = tex2D(texTem, (float)i + O, (float)blockldx.x
unsigned char pix03 = tex2D(texTem, (float)i + 1, (float)blockldx.x

unsigned char pix04 = tex2D(texTem, (float)i + 2, (float)blockld

unsigned char pix10 = tex2D(texTem, (float)i - 2, (float)blockldx.x
unsigned char pix11 = tex2D(texTem, (float)i - 1, (float)blockldx.x
unsigned char pix12 = tex2D(texTem, (float)i + O, (float)blockldx.x

unsigned char p ix13 =tex2D(texTem, (float)i + 1, (float)blockldx.x

unsigned char pix14 = tex2D(texTem, (float)i + 2, (float)blockldx.x

unsigned char pix20 = tex2D(texTem, (float)i - 2, (float)blockldx.x
unsigned char pix21 = tex2D(texTem, (float )i - 1, (float)blockldx.x
unsigned char pix22 = tex2D(texTem, (float)i + O, (float)blockldx.x
unsigned char pix23 = tex2D(texTem, (float)i + 1, (float)blockldx.x

unsigned char pix24 = tex2D(texTem, (float)i + 2, (float)blockldx.x

unsigned char pix30 = tex2D(texTem, (float)i - 2, (float)blockldx.x
unsigned char pix31 = tex2D(texTem, (float)i - 1, (float)blockldx.x
unsigned char pix32 = tex2D(texTem, (float)i + O, (float)blockldx.x

unsigned char pix33 = tex2D(texTem, (float)i + 1, (float)blockldx.x

unsigned char pix34 = tex2D(texTem, (float)i + 2, (float)blockldx.x

unsigned char pix40 = tex2D(texTem, (float)i - 2, (float)blockldx.x
unsigned char pix41 = tex2D(texTem, (float)i - 1, (float)blockldx.x

unsigned char pix42 = tex2D(texTem, (float)i + O, (float)blockldx.x
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+2);

+2);

}

__global__ void

{

3);
3);
3);

3);

3);

3);

3);

2);
2);
2);
2);
2);
2);

2);

1);
1);
1);

1);

unsigned char pix43 = tex2D(texTem, (float)i + 1, (float)blockldx.x

unsigned char pix44 = tex2D(texTem, (float)i + 2, (float)blockldx.x

plmageli] = ComputeErosion5x5(pix00, pix01, pix02, pix03, pix04,
pix10, pix11, pix12, pix13, pix14,
pix20, pix21, pix22, pix23, pix24,
pix30, pix31, pix32, pix33, pix34,
pix40, pix41, pix42, pix43, pix44);

unsigned ch ar *plmage =

(unsigned char *)(((char *)plmageOriginal) + blockldx.x*Pitch);

for (int i = threadldx.x; i < w; i += blockDim.x)

{

unsigned char pix00 = tex2D(texTem, (float)i - 3, (float)blockldx.x

unsigned char pix01 = tex2D(texTem, (float)i - 2, (float)blockldx.x
unsigned char pix02 = tex2D(texTem, (float)i - 1, (float)blockldx.x
unsigned char pix03 = tex2D(texTem, (float)i + 0, (float)blockldx.x
unsigned char pix04 = tex2D(texTem, (float)i + 1, (float)blockldx.x
unsigned char pix05 = tex2D(texTem, (float)i + 2, (float)blockldx.x

unsigned char pix06 = tex2D(texTem, (float)i + 3, (float)blockldx.x

unsigned char pix10 = tex2D(texTem, (float)i - 3, (float)blockldx.x
unsigned char pix11 = tex2D(texTem, (float)i - 2, (float)blockldx.x
unsigned char pix12 = tex2D(texTem, (float)i - 1, (float)blockldx.x
unsigned char pix13 = tex2D(texTem, (float)i + O, (float)blockldx.x

unsigned char pix14 = tex2D(texTem, (float)i + 1, (float)blockldx.x
unsigned char pix15 = tex2D(texTem, (float)i + 2, (float)blockldx.x

unsigned char pix16 = tex2D(texTem, (float)i + 3, (float)blockldx.x

unsigned char pix20 = tex2D(texTem, (float)i - 3, (float)blockldx.x

unsigned char pix21 = tex2D(texTem, (float)i - 2, (float)blockldx.x
unsigned char pix22 = tex2D(texTem, (float)i - 1, (float)blockldx.x

unsigned char pix23 = tex2D(texTem, (float)i + 0, (float)blockldx.x
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unsigned char pix24 = tex2D(t exTem, (float)i + 1, (float)blockldx.x

- unsigned char pix25 = tex2D(texTem, (float)i + 2, (float)blockldx.x
- 3 unsigned char pix26 = tex2D(texTem, (float)i + 3, (float)blockldx.x

unsigned char pix30 = tex2D(texTem, (float)i - 3, (float  )blockldx.x
"o unsigned char pix31 = tex2D(texTem, (float)i - 2, (float)blockldx.x
"o unsigned char pix32 = tex2D(texTem, (float)i - 1, (float)blockldx.x
"o unsigned char pix33 = tex2D(texTem, (float)i + O, (float)blockldx.x
"o unsigned char pix34 = tex2D(texTem, (float)i + 1, (float)blockldx.x
"o unsigned char pix35 = tex2D(texTem, (float)i + 2, (float)blockldx.x
' Oz' unsigned char pix36 = tex2D(texTem, (float)i + 3, (float)blockldx.x
+ 0);

unsigned char pix40 = tex2D(texTem, (float)i - 3, (float)blockldx.x
o unsigned char pix41 = tex2D(texTem, (float)i - 2, (float)blockldx.x
o unsigned char pix42 = tex2D(texTem, (float)i - 1, (float)blockldx.x
o unsigned char pix43 = tex2D(texTem, (float)i + 0, (float)blockl dx.x
o unsigned char pix44 = tex2D(texTem, (float)i + 1, (float)blockldx.x
o unsigned char pix45 = tex2D(texTem, (float)i + 2, (float)blockldx.x
' 3 unsigned char pix46 = tex2D(texTem, (float)i + 3, (float)blockldx.x
+1);

unsigned char  pix50 = tex2D(texTem, (float)i - 3, (float)blockldx.x
"2 unsigned char pix51 = tex2D(texTem, (float)i - 2, (float)blockldx.x
"2 unsigned char pix52 = tex2D(texTem, (float)i - 1, (float)blockldx.x
"2 unsigned char pix53 = tex2D(texTem, (float )i + 0, (float)blockldx.x
"2 unsigned char pix54 = tex2D(texTem, (float)i + 1, (float)blockldx.x
"2 unsigned char pix55 = tex2D(texTem, (float)i + 2, (float)blockldx.x
' 22)) unsigned char pix56 = tex2D(texTem, (float)i + 3, (float)blockldx.x
+ 2);

unsigned char pix60 = tex2D(texTem, (float)i - 3, (float)blockldx.x
"o unsigned char pix61 = tex2D(texTem, (float)i - 2, (float)blockldx.x
' 33, unsigned char pix62 = tex2D(texTem, (float)i - 1, (float)blockldx.x
+ 3);
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unsigned char pix63 = tex2D(texTem, (float)i + 0, (float)blockldx.x

+3);
unsigned char pix64 = tex2D(texTem, (float)i + 1, (float)blockldx.x
+3);
unsigned char pix65 = tex2D(texTem, (float)i + 2, (float)blockldx.x
+3);
unsigned char pix66 = tex2D(texTem, (float)i + 3, (float)blockldx.x
+3);
plmageli] = ComputeErosion7x7(pix00, pix01, pix02, pix03, pix04,
pix05, pix06,
pix10, pix11, pix12, pix13, pix14, pix15, pix16,
pix20, pix21, pix22, pix23, pix24, pix25, pix26,
pix30, pix31, pix32, pix33, pix34, pix35, pix36,
pix40, pix41, pix42, pix43, pix44, pix45, pix46,
pix50, pix51, pix52, pix53, pix54, pix55, pix56,
pix60, pix61, pix62, pix63, pix64, pix65, pix66
);
}
}
__global__ void
{
unsigned char *plmage =
(unsigned char *)(((char *)plmageOriginal) + blockldx.x*Pitch);
for (int i = threadldx.x; i < w; i += blockDim.x)
{
unsigned char pix00 = tex2D(texTem, (float)i - 1, (float)blockldx.x
- 1)y
unsigned char pix01 = tex2D(texTem, (float)i + O, (float)blockldx.x
- )
unsigned char pix02 = tex2D(texTem, (float)i + 1, (float)blockldx.x
- )
unsigned char pix10 = tex2D(texTem, (float)i - 1, (float)blockldx.x
+ 0);
unsigned char pix11 = tex2D(texTem, (float)i + O, (float)blockldx.x
+ 0);
unsigned char pix12 = tex2D(texTem, (float)i + 1, (float)blockldx.x
+0);
unsigned char pix20 = tex2D(texTem, (float)i - 1, (float)blockldx.x
+1);
unsigned char pix21 = tex2D(texTem, (float)i + O, (float)blockldx.x
+1);
unsigned char pix22 = tex2D(texTem, (float)i + 1, (float)blockld X.X
+1);
plmageli] = ComputeDilation3x3(pix00, pix01, pix02,
pix10, pix11, pix12,
pix20, pix21, pix22);
}
}
__global__ void
{

unsigned char *plmage =
(unsigned char *)(((char *)plmageOriginal) + blockldx.x*Pitch);
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+0);
+0);
+0);
+0);

+ 0);

+1);
+ 1),
+ 1),
+1);

+1);

+2);
+2);
+2);
+2);

+2);

for (inti= threadldx.x; i < w; i += blockDim.x)

{

unsigned char pix00 = tex2D(texTem, (float)i - 2, (float)blockldx.x
unsigned char pix01 = tex2D(texTem, (float)i - 1, (float)blockldx.x
unsigned char pix02 = tex2D(texTem, (float)i + O, (float)block

unsigned char pix03 = tex2D(texTem, (float)i + 1, (float)blockldx.x

unsigned char pix04 = tex2D(texTem, (float)i + 2, (float)blockldx.x

unsigned char pix10 = tex2D(texTem, (float)i - 2, (float)blockldx.x
unsigned char  pix11 = tex2D(texTem, (float)i - 1, (float)blockldx.x
unsigned char pix12 = tex2D(texTem, (float)i + O, (float)blockldx.x

unsigned char pix13 = tex2D(texTem, (float)i + 1, (float)blockldx.x

unsigned char pix14 = tex2D(texTem, (floa )i + 2, (float)blockldx.x
unsigned char pix20 = tex2D(texTem, (float)i - 2, (float)blockldx.x
unsigned char pix21 = tex2D(texTem, (float)i - 1, (float)blockldx.x

unsigned char pix22 = tex2D(texTem, (float)i + O, (float)blockldx.x
unsigned char pix23 = tex2D(texTem, (float)i + 1, (float)blockldx.x

unsigned char pix24 = tex2D(texTem, (float)i + 2, (float)blockldx.x

unsigned char pix30 = tex2D(texTem, (float)i - 2, (float)blockldx.x
unsigned char pix31 = tex2D(texTem, (float)i - 1, (float)blockldx.x
unsigned char pix32 = tex2D(texTem, (float)i + 0, (float)blockldx.x

unsigned char pix33 = tex2D(texTem, (float)i + 1, (float)blockldx.x

unsigned char pix34 = tex2D(texTem, (float)i + 2, (float)blockldx.x
unsigned char pix40 = tex2D(texTem, (float)i - 2, (float)blockldx.x
unsigned char pix41 = tex2D(texTem, (float)i - 1, (float)blockldx.x

unsigned char pix42 = tex2D(texTem, (float)i + O, (float)blockldx.x
unsigned char pix43 = tex2D(texTem, (float)i + 1, (float)blockldx.x

unsigned char pix44 = tex2D(texTem, (float)i + 2, (float)blockldx.x
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{

plmageli] = ComputeDilation5x5(pix00, pix01, pix02, pix03, pix04,
pix10, pix11, pix12, pix13, pix1l 4,
pix20, pix21, pix22, pix23, pix24,
pix30, pix31, pix32, pix33, pix34,
pix40, pix41, pix42, pix43, pix44);

}
__global__ void
unsigned char *plmage =
(unsigned char *)(((char *)pImageOriginal) + blockldx.x*Pitch);

for (int i = threadl dx.x; i < w; i += blockDim.x)

{ unsigned char pix00 = tex2D(texTem, (float)i - 3, (float)blockldx.x
¥ unsigned char pix01 = tex2D(texTem, (float)i - 2, (float)blockldx.x
¥ unsigned char pix02 = tex2D(texTem, (float)i - 1, (float)blockldx.x
¥ unsigned char pix03 = tex2D(texTem, (float)i + O, (float)blockldx.x
¥ unsigned char pix04 = tex2D(texTem, (float)i + 1, (float)blockldx.x
¥ unsigned char pix05 = tex2D(texTem, (float)i + 2, (float)blockldx.x
3;’ unsigned char pix06 = tex2D(texTem, (float)i + 3, (float)blockldx.x
3);

unsigned char pix10 = tex2D(texTem, (float)i - 3, (float)blockldx.x
2 unsigned char pix11 = tex2D(texTem, (float)i - 2, (float)blockldx.x
2 unsigned char pix12 = tex2D(texTem, (float)i - 1, (float)blockldx.x
2 unsigned char pix13 = tex2D(texTem, (float)i + 0, (float)blockldx.x
2 unsigned char pix14 = tex2D(texTem, (float)i + 1, (float)blockldx.x
2 unsigned char pix15 = tex2D(texTem, (float)i + 2, (float)blockldx.x
2 unsigned char pix16 = tex2D(texTem, (float)i + 3, (float)blockldx.x

unsigned char pix20 = tex2D(texTem, (float)i - 3, (float)blockldx.x
Y unsigned char pix21 = tex2D(texTem, (float)i - 2, (float)blockldx.x
Y unsigned char pix22 = tex2D (texTem, (float)i - 1, (float)blockldx.x
Y unsigned char pix23 = tex2D(texTem, (float)i + 0, (float)blockldx.x
o unsigned char pix24 = tex2D(texTem, (float)i + 1, (float)blockldx.x
1;’ unsigned char pix25 = tex2D(texTem, (float)i + 2, (floa t)blockldx.x
1);
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unsigned char pix26 = tex2D(texTem, (float)i + 3, (float)blockldx.x

-

unsigned char pix30 = tex2D(texTem, (float)i - 3, (float)blockldx.x
"o unsigned char pix31 = tex2D(texTem, (float)i - 2, (float)blockldx.x
"o unsign ed char pix32 = tex2D(texTem, (float)i - 1, (float)blockldx.x
"o unsigned char pix33 = tex2D(texTem, (float)i + O, (float)blockldx.x
"o unsigned char pix34 = tex2D(texTem, (float)i + 1, (float)blockldx.x
"o unsigned char pix35 = tex2D(texTem , (float)i + 2, (float)blockldx.x
' O;' unsigned char pix36 = tex2D(texTem, (float)i + 3, (float)blockldx.x
+ 0);

unsigned char pix40 = tex2D(texTem, (float)i - 3, (float)blockldx.x
o unsigned char pix41 = tex2D(texTem, (float)i - 2, (float)blockldx.x
o unsigned char pix42 = tex2D(texTem, (float)i - 1, (float)blockldx.x
o unsigned char pix43 = tex2D(texTem, (float)i + O, (float)blockldx.x
o unsigned char pix44 = tex2D(texTem, (float)i + 1, (float)blockldx.x
o unsigned char pix45 = tex2D(texTem, (float)i + 2, (float)blockldx.x
' 1;' unsigned char pix46 = tex2D(texTem, (float)i + 3, (float)blockldx.x
+ 1);

unsigned char pix50 = tex2D(texTem, (float)i - 3, (float)blockldx.x
"2 unsigned char pix51 = tex2D(t exTem, (float)i - 2, (float)blockldx.x
"2 unsigned char pix52 = tex2D(texTem, (float)i - 1, (float)blockldx.x
"2 unsigned char pix53 = tex2D(texTem, (float)i + O, (float)blockldx.x
"2 unsigned char pix54 = tex2D(texTem, (float)i + 1, (float) blockldx.x
"2 unsigned char pix55 = tex2D(texTem, (float)i + 2, (float)blockldx.x
' 211 unsigned char pix56 = tex2D(texTem, (float)i + 3, (float)blockldx.x
+ 2);

unsigned char pix60 = tex2D(texTem, (float)i - 3, (float)blockldx.x
= unsigned char pix61 = tex2D(texTem, (float)i - 2, (float)blockldx.x
" unsigned char pix62 = tex2D(texTem, (float)i - 1, (float)blockldx.x
"o unsigned char pix63 = tex2D(texTem, (float)i + 0, (float)blockldx.x
' 33, unsigned char pix64 = tex2D(texTem, (float)i + 1, (float)blockldx.x
+ 3);
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unsigned char pix65 = tex2D(texTem, (float)i + 2, (float)blockldx.x

+3);
unsigned char pix66 = tex2D(texTem, (float)i + 3, (float)blockldx.x
+3);
plmageli] = ComputeDilation7x7(pix00, pix01, pix02, pix03, pix0
pix05, pix06,
pix10, pix11, pix12, pix13, pix14, pix15, pix16,
pix20, pix21, pix22, pix23, pix24, pix25, pix26,
pix30, pix31, pix32, pix33, pix34, pix35, pix36,
pix40, pix41, pix42, pix43, pix44, pix45, pix46,
pix50, pix51, pix52, pix53, pix54, pix55, pix56,
pix60, pix61, pix62, pix63, pix64, pix65, pix66
);
}
}
__global__ void
{
unsigned char *plmage =
(unsigned char *)(((char *)plmageOriginal) + blockldx.x*Pitch);
for (int i = threadldx.x; i < w; i += blockDim.x)
{
unsign ed char pix00 = tex2D(tex, (float)i - 1, (float)blockldx.x
1)
unsigned char pix01 = tex2D(tex, (float)i + O, (float)blockldx.x
1)
unsigned char pix02 = tex2D(tex, (float)i + 1, (float)blockldx.x
1)
unsigned char pix10 = tex2D(tex, (float)i - 1, (float)blockldx.x +
0);
unsigned char pix11 = tex2D(tex, (float)i + 0, (float)blockldx.x +
0);
unsigned char pix12 = tex2D(tex, (float)i + 1, (float)blockldx.x +
0);
unsigned char pix20 = tex2D(tex, (float)i - 1, (float)blockldx.x +
1)
unsigne d char pix21 = tex2D(tex, (float)i + 0, (float)blockldx.x +
1)
unsigned char pix22 = tex2D(tex, (float)i + 1, (float)blockldx.x +
1)
plmageli] = ComputeMean3x3(pix00, pix01, pix02,
pix10, pix11, pix12,
pix20, pix21, pix22);
}
}
__global__  void
{
unsigned char *plmage =
(unsigned char *)(((char *)plmageOriginal) + blockldx.x*Pitch);
for (int i = threadldx.x; i < w; i += blockDim.x)
{
unsigned char pix00 = tex2D(tex, (float)i - 2, (float)blockldx.x
2);
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2);
2),
2);

2);

1)
1)
1)
1);

1);

0);
0);
0);
0);

0);

1);
1);
1)
1);

1);

2);
2);
2);
2);

2);

unsigned char pix01 = tex2D( tex, (float)i - 1, (float)blockldx.x
unsigned char pix02 = tex2D(tex, (float)i + 0, (float)blockldx.x
unsigned char pix03 = tex2D(tex, (float)i + 1, (float)blockldx.x

unsigned char pix04 = tex2D(tex, (float)i + 2, (float)blockldx.x

unsigned char pix10 = tex2D(tex, (float)i - 2, (float)blockldx.x
unsigned char pix11 = tex2D(tex, (float)i - 1, (float)blockldx.x
unsigned char pix12 = tex2D(tex, (float)i + 0, (float)blockldx.x

unsigned char pix13 = tex2D( tex, (float)i + 1, (float)blockldx.x

unsigned char pix14 = tex2D(tex, (float)i + 2, (float)blockldx.x

unsigned char pix20 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix21 = tex2D(tex, (float)i - 1, (float)blockldx.x
unsigned char pix22 = tex2D(tex, (float)i + 0, (float)blockldx.x +

unsigned char pix23 = tex2D(tex, (float)i + 1, (float)blockldx.x +

unsigned char pix24 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix30 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix31 = tex2D(tex, (float)i - 1, (float)blockldx.x +

unsigned char pix32 = tex2D(tex, (float)i + 0, (float)blockldx.x +

unsigned char pix33 = tex2D(tex, (float)i + 1, (float)block ldx.x +

unsigned char pix34 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix40 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix41 = tex2D(tex, (float)i - 1, (float)blockldx.x +
unsigned char pix42 = tex2D(tex, (float)i + 0, (float)blockldx.x +

unsigned char pix43 = tex2D(tex, (float)i + 1, (float)blockldx.x +

unsigned char pix44 = tex2D(tex, (float)i + 2, (float)blockldx.x +

plmageli] = ComputeMean5x5(pix00, pix01, pix02, pix03, pix 04,
pix10, pix11, pix12, pix13, pix14,
pix20, pix21, pix22, pix23, pix24,
pix30, pix31, pix32, pix33, pix34,
pix40, pix4l, pix42, pix43, pix44);
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}
__global__ void
{ unsigned char *plmage =
(unsigned char *)(((char *)plmageOriginal) + bl ockldx.x*Pitch);
for (int i = threadldx.x; i < w; i += blockDim.x)

{ unsigned char pix00 = tex2D(tex, (float)i - 3, (float)blockldx.x
¥ unsigned char pix01 = tex2D(tex, (float)i - 2, (float)blockldx.x
¥ unsigned char pix02 = tex2D(tex, (float)i - 1, (float)blockldx.x
¥ unsigned char pix03 = tex2D(tex, (float)i + 0, (float)blockldx.x
¥ unsigned char pix04 = tex2D(tex, (float)i + 1, (float)blockldx.x
¥ unsigned char pix05 = tex2D(tex, (float)i + 2, (float)blockldx.x
Z unsigned char pix06 = tex2D(tex, (float)i + 3, (float)blockldx.x

unsigned char pix10 = tex2D(tex, (float)i - 3, (float)blockldx.x
2 unsigned char pix11 = tex2D(tex, (float)i - 2, (float)blockldx.x
2 unsigned char pix12 = tex2D(tex, (float)i - 1, (float)blockldx.x
2 unsigned char pix13 = tex2D(tex, (float)i + O, (float)blockldx.x
2 unsigned char pix14 = tex2D(tex, (float)i + 1, (float)blockldx.x
2 unsigned char pix15 = tex2D(tex, (float)i + 2, (float)blockldx.x
Z unsigned char pix16 = tex2D(tex, (float)i + 3, (float)blockldx.x

unsigned char pix20 = tex2D(tex, (float)i - 3, (float)blockldx.x
Y unsigned char pix21 = tex2D(tex, (float)i - 2, (float)blockldx.x
Y unsigned char pix22 = tex2D(tex, (float)i - 1, (float)blockldx.x
Y unsigned char pix23 = tex2D(tex, (float)i + 0, (float)blockldx.x
Y unsigned char pix24 = tex2D(tex, (float)i + 1, (float)blockldx.x
Y unsigned char pix25 = tex2D(tex, (float)i + 2, (float)blockldx.x
13, unsigned char pix26 = tex2D(tex, (float)i + 3, (float)blockldx.x
1);

) unsigned char pix30 = tex2D(tex, (float)i - 3, (float)blockldx.x +

0);
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0);
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0);
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1);

1);

2);
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3);
3);
3);
3);
3);

3);

unsigned char pix31 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix32 = tex2D(tex, (float)i - 1, (float)blockldx.x +
unsigned char pix33 = tex2D(tex, (float)i + 0, (float)blockldx.x +
unsigned char pix34 = tex2D(tex, (float)i + 1, (float)blockldx.x +
unsigned char pix35 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix36 = tex2D(tex, (float)i + 3, (float)blockldx.x +

unsigned char pix40 = tex2D(tex, (float)i - 3, (float)blockldx.x +
unsigned char pix41 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix42 = tex2D(tex, (float)i - 1, (float)blockldx.x +

unsigned char pix43 = tex2D(tex, (float)i + 0, (float)blockldx.x +
unsigned char pix44 = tex2D(tex, (float)i + 1, (float)blockldx.x +
unsigned char pix45 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix46 = tex2D(tex, (float)i + 3, (float)blockldx.x +

unsigned char pix50 = tex2D(tex, (float)i - 3, (float)blockldx.x +
unsigned char pix51 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix52 = tex2D(tex, (float)i - 1, (float)blockldx.x +

unsigned char pix53 = tex2D(tex, (float)i + 0, (float)blockldx.x +
unsigned char pix54 = tex2D(tex, (float)i + 1, (float)blockldx.x +
unsigned char pix55 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix56 = tex2D(tex, (float)i + 3, (float)blockldx.x +

unsigned char pix60 = tex2D(tex, (float)i - 3, (float)blockldx.x +
unsigned char pix61 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix62 = tex2D(tex, (float)i - 1, (float)blockldx.x +

unsigned char pix63 = tex2D(tex, (float)i + 0, (float)blockldx.x +
unsigned char pix64 = tex2D(tex, (float)i + 1, (float)blockldx.x +
unsigned char pix65 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix66 = tex2D(tex, (float)i + 3, (float)blockldx.x +
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pix06,
pix10, pix11, pix12, pix13, pix14, pix15, pix16,
pix20, pix21, pix22, pix23, pix24, pix25, pix26,
pix30, pix31, pix32, pix33, pix34, pix35, pix36,
pix40, pix41, pix42, pix43, pix44, pix45, pix46,
pix50, pix51, pix52, pix53, pix54, pix55, pix56,
pix60, pix61, pix62, pix63, pix64, pix65, pix66
);
}
}
__global__ void
{
unsigned ch ar *plmage =
(unsigned char *)(((char *)plmageOriginal) + blockldx.x*Pitch);
for (int i = threadldx.x; i < w; i += blockDim.x)
{
unsigned char pix00 = tex2D(tex, (float)i - 1, (float)blockldx.x
1);
unsigned char pix01 = tex2D(tex, (float)i + O, (float)blockldx.x
1)
unsigned char pix02 = tex2D(tex, (float)i + 1, (float)blockldx.x
1);
unsigned char pix10 = tex2D(tex, (float)i - 1, (float)blockldx.x +
0);
unsigned char pix11 = tex2D(tex, (float)i + 0, (float)blockldx.x +
0);
unsigned ch ar pix12 = tex2D(tex, (float)i + 1, (float)blockldx.x +
0);
unsigned char pix20 = tex2D(tex, (float)i - 1, (float)blockldx.x +
1);
unsigned char pix21 = tex2D(tex, (float)i + 0, (float)blockldx.x +
1)
unsigned char pix22 = tex2D(tex, (float)i + 1, ( float)blockldx.x +
1)
plmageli] = ComputeMedian3x3(pix00, pix01, pix02,
pix10, pix11, pix12,
pix20, pix21, pix22);
}
}
__global__ void
{
unsigned char *plmage =
(unsigned char *)(((char *)plmageOriginal) + blockldx.x*Pitch);
for (inti= threadldx.x; i < w; i += blockDim.x)
{
unsigned char pix00 = tex2D(tex, (float)i - 2, (float)blockldx.x
2);
unsigned char pix01 = tex2D(tex, (float)i - 1, (float)blockldx.x
2);
unsigned char pix02 = tex2D(tex, (float)i + 0, (float)blockldx.x
2);

plmageli] = ComputeMean7x7(pix00, pix01, pix02, pix03, pix04, pix05,
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2);
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0);
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0);
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1);
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2);
2);
2);
2);

2);

unsigned char pix03 = tex2D(tex, (float)i + 1, (float)blockldx.x

unsigned char pix04 = tex2D(tex, (float)i + 2, (float)blockldx.x

unsigned char pix10 = tex2D(tex, (float)i - 2, (float)blockldx.x
unsigned char pix11 = tex2D(tex , (float)i - 1, (float)blockldx.x
unsigned char pix12 = tex2D(tex, (float)i + 0, (float)blockldx.x
unsigned char pix13 = tex2D(tex, (float)i + 1, (float)blockldx.x

unsigned char pix14 = tex2D(tex, (float)i + 2, (float)blockldx.x

unsigned char pix20 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix21 = tex2D(tex, (float)i - 1, (float)blockldx.x +
unsigned char pix22 = tex2D(tex, (float)i + 0, (float)blockldx.x +

unsigned char pix23 = tex2D(tex, (float)i + 1, (float)blockldx.x +

unsigned char pix24 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix30 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix31 = tex2D(tex, (float)i - 1, (float)bloc kldx.x +
unsigned char pix32 = tex2D(tex, (float)i + 0, (float)blockldx.x +

unsigned char pix33 = tex2D(tex, (float)i + 1, (float)blockldx.x +

unsigned char pix34 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix40 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix41 = tex2D(tex, (float)i - 1, (float)blockldx.x +
unsigned char pix42 = tex2D(tex, (float)i + 0, (float)blockldx.x +
unsigned char pix43 = tex2D(tex, (float)i + 1, (float)bloc kldx.x +
unsigned char pix44 = tex2D(tex, (float)i + 2, (float)blockldx.x +
plmageli] = ComputeMedian5x5(pix00, pix01, pix02, pix03, pix04,

pix10, pix11, pix12, pix13, pix14,

pix20, pix21, pix22, pix23, pix24,

pix30, pix31, pix32, pix 33, pix34,
pix40, pix41, pix42, pix43, pix44);
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__global__ void

{ unsigned char *plmage =
(unsigned char *)(((char *)plmageOriginal) + blockldx.x*Pitch);

for (int i = threadldx.x; i < w; i += blockDim.x)

{ unsigned char pix00 = tex2D(tex, (float)i - 3, (float)blockldx.x
¥ unsigned char pix01 = tex2D(tex, (float)i - 2, (float)blockldx.x
¥ unsigned char pix02 = tex2D(tex, (float)i - 1, (float)blockldx.x
¥ unsigned char pix03 = tex2D(tex, (float)i + 0, (float)blockldx.x
¥ unsigned char pix04 = tex2D(tex, (float)i + 1, (float)blockldx.x
¥ unsigned char pix05 = tex2D(tex, (float)i + 2, (float)blockldx.x
Sj, unsigned char pix06 = tex2D(tex, (float)i + 3, (float)blockldx.x
3);

unsigned char pix10 = tex2D(tex, (float)i - 3, (float)blockldx.x
2 unsigned char pix11 = tex2D(tex, (float)i - 2, (float)blockldx.x
2 unsigned char pix12 = tex2D(tex, (float)i - 1, (float)blockldx.x
2 unsigned char pix13 = tex2D(tex, (float)i + 0, (float)blockldx.x
2 unsigned char pix14 = tex2D(tex, (float)i + 1, (float)blockldx.x
2 unsigned char pix15 = tex2D(tex, (float)i + 2, (float)blockldx.x
Z unsigned char pix16 = tex2D(tex, (float)i + 3, (float)blockldx.x

unsigned char pix20 = tex2D(tex, (float)i - 3, (float)blockldx.x
Y unsigned char pix21 = tex2D(tex, (float)i - 2, (float)blockldx.x
Y unsigned char pix22 = tex2D(tex, (float)i - 1, (float)blockldx.x
Y unsigned char pix23 = tex2D(tex, (float)i + O, (float)blockldx.x
Y unsigned char pix24 = tex2D(tex, (float)i + 1, (float)blockldx.x
Y unsigned char pix25 = tex2D(tex, (float)i + 2, (float)blockldx.x
13’ unsigned char pix26 = tex2D(tex, (float)i + 3, (float)blockldx.x
1);

unsigned char pix30 = tex2D(tex, (float)i - 3, (float)blockldx.x +
o unsigned char pix31 = tex2D(tex, (float)i - 2, (float)blockldx.x +
03, unsigned char pix32 = tex2D(tex, (float)i - 1, (float)blockldx.x +
0);
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3);

pix05, pix06,

unsigned char pix33 = tex2D(tex, (float)i + 0, (float)blockldx.x +
unsigned char pix34 = tex2D(tex, (float)i + 1, (float)blockldx.x +
unsigned char pix35 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix36 = tex2D(tex, (float)i + 3, (float)blockldx.x +

unsigned char pix40 = tex2D(tex, (float)i - 3, (float)blockldx.x +
unsigned char pix41 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix42 = tex2D(tex, (float)i - 1, (float)blockldx.x +

unsigned char pix43 = tex2D(tex, (float)i + 0, (float)blockldx.x +
unsigned char pix44 = tex2D(tex, (float)i + 1, (float)blockldx.x +
unsigned char pix45 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix46 = tex2D(tex, (float)i + 3, (float)blockldx.x +

unsigned char pix50 = tex2D(tex, (float)i - 3, (float)blockldx.x +
unsigned char pix51 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix52 = tex2D(tex, (float)i - 1, (float)blockldx.x +

unsigned char pix53 = tex2D(tex, (float)i + 0, (float)blockldx.x +
unsigned char pix54 = tex2D(tex, (float)i + 1, (float)blockldx.x +
unsigned char pix55 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix56 = tex2D(tex, (float)i + 3, (float)blockldx.x +

unsigned char pix60 = tex2D(tex, (float)i - 3, (float)blockldx.x +
unsigned char pix61 = tex2D(tex, (float)i - 2, (float)blockldx.x +
unsigned char pix62 = tex2D(tex, (float)i - 1, (float)blockldx.x +

unsigned char pix63 = tex2D(tex, (float)i + 0, (float)blockldx.x +
unsigned char pix64 = tex2D(tex, (float)i + 1, (float)blockldx.x +
unsigned char pix65 = tex2D(tex, (float)i + 2, (float)blockldx.x +

unsigned char pix66 = tex2D(tex, (float)i + 3, (float)blockldx.x +

plmagelil]= ComputeMedian7x7(pix00, pix01, pix02, pix03, pix04,

pix10, pix11, pix12, pix13, pix14, pix15, pix16,
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pix20, pix21, pix22, pix23, pix24, pix25, pix26,
pix30, pix31, pix32, pix33, pix34, pix35, pix36,
pix40, pix41, pix42, pix43, pix 44, pix45, pix46,
pix50, pix51, pix52, pix53, pix54, pix55, pix56,
pix60, pix61, pix62, pix63, pix64, pix65, pix66

)i
}
}
extern "C" void setupTexture(int iw, int ih, Pixel *data, int Bpp)
{
cudaChannelFormatDesc desc;
if (Bpp == 1)
{
desc = cudaCreateChannelDesc<unsigned char>();
}
else
{
desc = cudaCreateChannelDesc<uchar4>();
}

checkCudaErrors(cudaMallocArray(&array, &desc, iw, ih));
checkCudaErrors(cudaMemcpyToArray(array, 0, 0, data, Bpp*sizeof(Pixel)*iw*ih,
cudaMemcpyHostToDevice));

checkCudaErrors(cudaMallocArray(&arrayTemp, &desc, iw, ih));

checkCudaErrors(cudaMemcpyToArray(arrayTemp, 0, 0, data,
Bpp*sizeof(Pixel)*iw*ih, cu daMemcpyHostToDevice));

}
extern "C" void deleteTexture(void)

checkCudaErrors(cudaFreeArray(array));
checkCudaErrors(cudaFreeArray(array Temp));

extern "C" void morphologicalFilter(Pixel *odata, int iw, int ih, enum DisplayMode
mode)

{

checkCudaErrors(cudaBindTextureToArray(tex, array));
checkCudaErrors(cudaBindTextureToArray(texTem, arrayTemp));

unsigned char* hmatrix = (unsigned char*)malloc(sizeof(unsigned
char)*iw*ih);

switch (mode)

case DISPLAY_IMAGE:

Copylmage<<<ih, 384>>>(odata, iw, iw, ih);

cudaMemcpy(hmatrix, odata, iw*ih, cudaMemcpyDeviceToHost);
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break;

case MORPHOLOGICAL_EROSION:
ErosionTex <<<ih, 384 >>>(odata, iw, iw, ih);
break;

case MORPHOLOGICAL EROSBX5:
ErosionTex5x5 << <ih, 384 >> >(odata, iw, iw, ih);
break;

case MORPHOLOGICAL_ EROSION7x7:
ErosionTex7x7 << <ih, 384 >> >(odata, iw, iw, ih);
break;

case MORPHOLOGICAL_DILATION:
DilationTex << <ih, 384 >> >(odata, iw, iw, ih);
br eak;

case MORPHOLOGICAL_DILATION5x5:
DilationTex5x5 << <ih, 384 >> >(odata, iw, iw, ih);
break;

case MORPHOLOGICAL_DILATION7x7:
DilationTex7x7 << <ih, 384 >> >(odata, iw, iw, ih);

break;
case MORPHOLOGICAL_CLOSE:
DilationTex << <ih, 38 4 >> >(odata, iw, iw, ih);

cudaMemcpy(hmatrix, odata, iw*ih, cudaMemcpyDeviceToHost);
cudaMemcpyToArray(arrayTemp, 0, 0, hmatrix, 1 *
sizeof(Pixel)*iw*ih, cudaMemcpyHostToDevice);
ErosionTexClose << <ih, 384 >> >(odata, iw, iw, ih);
break;
case MORPHOLOGICAL_CLOSE5x5:
DilationTex5x5 << <ih, 384 >> >(odata, iw, iw, ih);
cudaMemcpy(hmatrix, odata, iw*ih, cudaMemcpyDeviceToHost);
cudaMemcpyToArray(arrayTemp, 0, 0, hmatrix, 1 *
sizeof(Pixel)*iw*ih, cudaMemcpyHostToDevice);
ErosionTex Close5x5 << <ih, 384 >> >(odata, iw, iw, ih);
break;
case MORPHOLOGICAL_CLOSE7xT:
DilationTex7x7 << <ih, 384 >> >(odata, iw, iw, ih);
cudaMemcpy(hmatrix, odata, iw*ih, cudaMemcpyDeviceToHost);
cudaMemcpyToArray(arrayTemp, 0, 0, hmatrix, 1 *
sizeof(Pixel)*iw*ih, cudaMemcpyHostToDevice);
ErosionTexClose7x7 << <ih, 384 >> >(odata, iw, iw, ih);
break;
case MORPHOLOGICAL_OPEN:
ErosionTex << <ih, 384 >> >(odata, iw, iw, ih);
cudaMemcpy(hmatrix, odata, iw*ih, cudaMemcpyDeviceToHost);
cudaMemcpyToArray(arrayTemp, 0, 0, hmatrix, 1 *
sizeof(Pixel)*iw*ih, cudaMemcpyHostToDevice);
DilationTexOpen << <ih, 384 >> >(odata, iw, iw, ih);
break;
case MORPHOLOGICAL_OPEN5x5:
ErosionTex5x5 << <ih, 384 >> >(odata, iw, iw, ih);
cudaMempy(hmatrix, odata, iw*ih, cudaMemcpyDeviceToHost);

cudaMemcpyToArray(arrayTemp, 0, 0, hmatrix, 1 *
sizeof(Pixel)*iw*ih, cudaMemcpyHostToDevice);
DilationTexOpen5x5 << <ih, 384 >> >(odata, iw, iw, ih);
break;
case MORPHOLOGICAL_OPENT7X7:
ErosionTex7x7 << <ih, 384 >> >(odata, iw, iw, ih);
cudaMemcpy(hmatrix, odata, iw*ih, cudaMemcpyDeviceToHost);
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cudaMemcpyToArray(arrayTemp, 0, 0, hmatrix, 1 *
sizeof(Pixel)*iw*ih, cudaMemcpyHostToDevice);

DilationTexOpen7x7 << <ih, 384 >> >(odata, iw, iw, ih);
break;

case MEAN_OPERATION:
MeanTex << <ih, 384 >> >(odata, iw, iw, ih);
break;

case MEAN_OPERATIONS5xX5:
MeanTex5x5 << <ih, 384 >> >(odata, iw, iw, ih);
break;

case MEAN_OPERATION7X7:
MeanTex7x7 << <ih, 384 >> >(odata, i w, iw, ih);
break;

case MEDAIN_OPERATION:
MedianTex << <ih, 384 >> >(odata, iw, iw, ih);
break;

case MEDAIN_OPERATION5x5:
MedianTex5x5 << <ih, 384 >> >(odata, iw, iw, ih);
break;

case MEDAIN_OPERATION7xX7:
MedianTex7x7 << <ih, 384 >> >(odata, iw, iw, ih);
break;

default:
break;

}

checkCudaErrors(cudaUnbindTexture(tex));
checkCudaErrors(cudaUnbindTexture(texTem));

free(hmatrix);
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#ifndef __ MORPHOLOGICAL_KERNELS_H_
#define __MORPHOLOGICAL_KERNELS H_

typedef unsigned char Pixel,

enum DisplayMode

{
DISPLAY_IMAGE =0,
MORPHOLOGICAL_EROSION,
MORPHOLOGICAL_EROSION5X5,
MORPHOLOGICAL_EROSION7x7,
MORPHOLOGICAL_DILATION,
MORPHOLOGICAL_DTIAN5X5,
MORPHOLOGICAL_DILATION7x7,
MORPHOLOGICAL_CLOSE,
MORPHOLOGICAL_CLOSE5x5,
MORPHOLOGICAL_CLOSE7x7,
MORPHOLOGICAL_OPEN,
MORPHOLOGICAL_OPENS5X5,
MORPHOLOGICAL_OPEN7x7,
MEAN_OPERATION,
MEAN_OPERATIONS5X5,
MEAN_OPERATION7x7,
MEDAIN_OPERATION,
MEDAIN_OPERATIONS5X5,
MEDAIN_OPERATION7x7

b

extern enum DisplayMode g_DisplayMode;

extern "C" void morphologicalFilter(Pixel *odata, int iw, int ih, enum DisplayMode
mode);

extern "C" void setupTexture(int iw, int ih, Pixel *data, int Bpp);

extern "C"v  oid deleteTexture(void);
extern "C" void initFilter(void);

#endif
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