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Abstract

Image processing is widely used in the most diverse industries. One of the tools widely
used to perform image processing is the OpenCV library. Although the implementation of
image processing algorithms can be made in software, it is also possible to implement image
processing algorithms in hardware. In some cases, the execution time can be smaller than the
execution time achieved in software.

This work main goal is to evaluate the use of VHDL, DS-Pnets, and I0PT-Flow to
develop image processing systems in hardware, in FPGA-based platforms. To enable it, a
validation platform was developed. A set of image processing algorithms were specified, during
this work, in VHDL and/or in DS-Pnets. These were validated using the IOPT-Flow validation
tool and/or the Xilinx ISE Simulator. The automatic VHDL code generator from IOPT-Flow
framework was used to translate DS-Pnet models into the implementation code. The FPGA-
based implementations were compared with software implementations, supported by the
OpenCV library. The created DS-Pnet models were added into a folder of the IOPT-Flow
editor, to create an image processing library.

It was possible to conclude that the DS-Pnets and their associated tools, IOPT-Flow tools,
support the development of image processing systems. These tools, which simplify the
development of image processing systems, are available online at http://gres.uninova.pt/iopt-
flow/.

Keywords: Field Programmable Gate Array (FPGA), VHDL, Input Output Place
Transition Flow (IOPT-Flow), Image Processing, DS-Pnets, OpenCV
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Resumo

Processamento de imagem € vastamente utilizado nas mais diversas industrias. Uma das
ferramentas mais utilizadas para realizar processamento de imagem é a biblioteca OpenCV.
Também é possivel implementar algoritmos de processamento de imagem em hardware, e, em
algumas situacdes, obter melhor performance.

O objetivo principal deste projeto foi avaliar o uso de VHDL, DS-Pnets e IOPT-Flow
para o desenvolvimento de sistemas de processamento de imagem em hardware em plataformas
baseadas em FPGA. Um conjunto de algoritmos de processamento de imagem foram
especificados em VHDL e DS-Pnets e validados usando a ferramenta de simulacdo do Xilinx
ISE e/ou a ferramenta de validagdo das IOPT-Flow. O gerador automatico de cddigo VHDL das
ferramentas IOPT-Flow foi usado para traduzir modelos DS-Pnet para cédigo VHDL, que é
depois integrado no sistema de processamento de imagem. Para validar o sistema desenvolvido,
as implementacfes em FPGA foram comparadas com implementacdes em software, realizadas
com o auxilio da biblioteca OpenCV. Os modelos DS-Pnet criados foram utilizados para criar
uma biblioteca de processamento de imagem nas IOPT-Flow.

Da utilizacdo do sistema de processamento de imagem desenvolvido é possivel concluir
gue as DS-Pnets e as suas ferramentas associadas, as IOPT-Flow, suportam o desenvolvimento
de sistemas de processamento de imagem em hardware, nomeadamente em plataformas
baseadas em FPGA. Estas ferramentas, que simplificam o desenvolvimento de sistemas de
processamento de imagem, estéo disponiveis na internet em http://gres.uninova.pt/iopt-flow/.

Palavras chave: Field Programmable Gate Array (FPGA), VHDL, Input Output Place
Transition Flow (IOPT-Flow), Processamento de imagem, DS-Pnets, OpenCV
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1 Introduction

This chapter introduces the main subjects of the document. These subjects are focused on
the use of FPGA (Field-Programmable Gate Array) for image processing, technologies that are
currently used to process images (like OpenCV) and on the use of IOPT (Input-Output Place-
Transition) Flow to facilitate FPGAs reconfiguration. The challenges and motivations to
develop this document are also presented with detail and critical sense. Finally, it is presented
the document structure and how it is organized.

1.1 Background and Encouragement

This sub section is set to describe the background that led to the development of this
document, and the main reasons why it was so encouraging to start it.

1.1.1 Background and understanding the challenge

The image processing subject has evolved in the past years, and it has become an
indispensable tool to a lot of industries, such as medical, manufacturing, photography and more.
The need to recognize objects in pictures, find some patterns in medical images such as x-ray
images or even just editing a single photo in your laptop has increase so much in the past years
that powerful tools are needed to optimize these processes.

But what is, in fact, an image? An image is a digital representation of visual or abstract
information. The visual information can be acquired using sensors like a photodiode that uses a
green pass filter to increase the sensor output for a specific colour. This sensor can be used to
generate 2D images using x- and y-directions between the area of interest and the sensor. For
an image acquisition in 3D, a camera can be used [1].

After acquisition, images are stored in memory, and become available to be processed.
Ann example of an image processing application is the PhotoShop, that allows the image to be
transformed using a set of options available by the app [2].

A custom image processing application can also be developed using for example
programming languages. Programming languages can be divided in 2 main sets, high-level
programming languages and low-level programming languages.

The native language of a computer is binary, and everything from instructions to sets of
data must be given in this form, being this language called machine language. Later, the

1



hexadecimal format was introduced, allowing each digit to represent 16 different values. But
this process of developing applications is not practical. To abstract these operations, assembly
languages were created, which have instructions that execute to a set of machine language
operations. This type of language is defined as low-level; the programmer needs to be familiar
with the hardware architecture in order to write code efficiently, which does not make the
language abstract enough to be used in a large scale programming [3].

Later, the high-level programming languages, like MATLAB, C (which can be described
as general-purpose language) were introduced providing a higher abstraction level and making
application development easier. For the code to be executable by different machines, it must be
translated to machine specific assembler languages by programs called compilers. These are
then converted to machine code by assemblers [3].

Image processing applications can be developed using high level programming
languages. There is a different set of languages, such as the Hardware Description Languages
(HDLs), that can also be used for image processing. The purpose of these languages is to
describe the behaviour of digital systems, while the programming languages provide a set of
instructions for the CPU to perform a specific task. In the past, designers had to manually place
gates to define schematics that would be the final circuit, but later the appearance of logic
synthesis allowed circuits to be described at a register level. Examples are VHDL (VHSIC
Hardware Description Language) and Verilog. The FPGA (Field-programmable Gate Array),
which is discussed in chapter 2, uses HDLs [4].

With a vast set of languages to develop an image processing system, some of them can be
used more efficiently depending on the image processing task. Processing large images can
decrease a system performance, as well as heavy processing. The challenge encountered is to
keep the system with a good performance when processing large images, and what is the most
suitable language for this task. Some widely used languages for image processing are MATLAB
and OpenCV. This document proposes an alternative, the use of VHDL to support FPGA-based
image processing systems.

1.1.2 Encouragement and reasons why use VHDL and IOPT-Flow

. In a software language or library like MATLAB, OpenCV or C++, the instructions
saved, in memory, are executed sequentially; whereas the VHDL language allows the execution
of these instructions in parallel on the hardware, which saves in execution time. As a simple
example, if there is an instruction implemented in software with the purpose of adding two
numbers, to perform the multiplication operation the processor must execute this instruction
several times to get the desired result. If the same instruction is implemented in hardware, it can
be implemented using a multiplier that performs the operation in a single execution step (during
the clock period). This is the main motivation to use VHDL, because it supports
implementations that can accelerate the processing task.



To allow a faster development of VHDL code, the IOPT-Flow tool is used. The IOPT-
Flow is a tool framework that supports systems: specification through an intuitive graphical
modelling formalism that combines Petri nets and dataflows; validation through simulation
tools; and implementation through automatic code generators [5].

1.2 Objectives and Contributions

The main objective in the realization of this work is to evaluate the use of FPGAs,
VHDL, DS-Pnets and IOPT Flow to perform image processing. To achieve this objective, a
research about the subject was made, focusing on image processing using several programming
languages and the FPGA. The research gives a contextualization on how image processing is
done, the best approaches to model an image processing system and the best technologies to do
s0. The research takes more focus in FPGA, OpenCV and IOPT-Flow tools, since these are the
technologies used to achieve the main objectives. In order to implement and test a set of image
processing systems, a validation framework was developed. This validation framework
supported the implementation of a set of image processing algorithms and filters, some
developed, in VHDL, others generated by the IOPT-Flow tools. The collection of the developed
IOPT-Flow components is the beginning of an IOPT-Flow library for image processing. From
this work it also resulted one published paper on REC’2019 — XV Jornadas sobre Sistemas
Reconfiguraveis, February 14-15, 2019, in Minho University, Guimaraes, Portugal, with the
title FPGA for image processing [6].

1.3 Document structure

The document structure presents intuitively the document’s content. The proposed and
used document structure is the following:

Chapter 2 is the state of art of image processing. This chapter contains all the information
needed about image processing to contextualization of the subject discussed in this document,
and the main technologies used for it. Most of this information is referenced from other authors
that wrote documents and articles discussing the main topics of image processing. The chapter
also describes some alternatives to perform image processing, namely the FPGA and the IOPT-
Flow tools.



Chapter 3 presents the proposed validation framework to validate the use of a FPGA-
based system for image processing. It also presents the modules developed to achieve that goal,
except the image processing modules and modules developed using the IOPT-Flow tools. Those
modules are described in Chapter 4 and 5, respectively.

Chapter 4 describes the GLCM (Gray-Level Co-Occurrence Matrix) algorithm. In the
chapter is described how the algorithm works, what it aims to achieve and the hardware
implementation of it.

Chapter 5 enumerates and describes the image processing modules developed in the
IOPT-Flow tools. It also describes the main features of the IOPT-Flow tools that aid the
development of modules.

Chapter 6 presents the results obtained by the validation platform. The results obtained
consist in tests made to the validation platform in form of simulation, and later results obtained
from the use of the validation platform. The final set of results are the single validation of each
image processing module developed in the IOPT-Flow tools. This chapter also presents the
results discussion. The results integrity is validated in order to achieve the main objective of
developing an FPGA-based platform for image processing.

Chapter 7 presents the conclusions. Based on the results discussion, it is discussed if the
validation platform can be used as an image processing system and if the IOPT-Flow tools can
also be used for developing image processing modules.

The document structure ends with a list of references that support the research presented
in this document.



2 State of Art

This chapter describes the historical background and the theoretical concepts behind the
subjects discussed in this master’s thesis. All the main concepts are enumerated and explained
with detail.

In section (2.1) it is discussed why image processing is important, the primordial of
processing image and the general requirements needed by modern systems to perform image
processing efficiently.

In section (2.2) it is enumerated a compilation of software’s and technologies used to
perform image processing and the advantages of using one or another. After that, alternatives
are discussed.

In section (2.3) it is introduced the FPGA as an alternative to the previously described
technologies. It is made an overview of the uses of it, and in detail for processing image and
why it was chosen to perform image processing. It is also described what High-Level Synthesis
(HLS) is, how it can simplify FPGA-based systems development, and some application in
image processing.

In section (2.4) it is described the DS-Pnet modelling formalism and the IOPT-Flow tool
framework, and the possibilities that they bring to the engineering community.

2.1 Image processing

An image it is a unique way to represent and store information. Sometimes, we want
some specific information out of this set. This is called image processing. Image processing is
critical in industries like medical, robotic, military, among others, and so its development
became mandatory. There are some industries where image processing has also an important
role, like remote sensing, low security systems (in high security systems it’s critical), in the

production of textiles, and many more [7].

Where can image processing be applied?

Some examples of image processing can be found in the simplest applications. Here are
some examples of them ordered by industries in Table 2.1.

Table 2.1: Main industries where image processing it is applied and some examples.
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Industry Example of application

Medical Medical images such as x-ray images, brain
scans, among others.

Manufacturing Images of interest such as images of the
environment surrounding a robot, traffic
images, and more.

Security Processing images/video of  video
surveillance cameras, cropping them to get a
region of the image that is of our interest.

Autonomous vehicles Cars from the Tesla Motors brand use
cameras to get a view of the traffic and
process it to give the driver some useful
information.

General Systems Any system using a camera need image
processing, or even some tool to edit it.

In the medical industry, large images, such as x-ray image and brain scans, are often
processed. These images need a lot of processing, sometimes to apply some predefined filters,
shading, brightness, among others, to show if some bone is broken, or if a patient has any brain
disorder. So, image processing is crucial for this industry. Sometimes this kind of images are
usually big in size and in number, and it is needed to be processed fast [8] [9].

The manufacturing industry is probably which most benefits from image processing. The
goal to use this kind of processing it’s mainly to recognize patterns, objects, environments,
leading to the robot decision on what is it going to do next, where it is going or to create a
virtual map of where is it. This processing is a critical task, because the robot needs to decide

almost immediately to any change in the “world” it sees [10].

For security, image processing is also essential, because security cameras are constantly
getting pictures of their surroundings. As an example, iris recognition is one of the security
methods used and involves a very high and reliable processing and can save a lot in power in
comparison with a surveillance camera being operating all the time [11].

For autonomous vehicles it is very similar to the robotics industry, they are kind of
intertwined. Images of the traffic captured by a camera installed in a car needs image processing
so the system can show the traffic information clearer to the driver [12].

Finally, all sort of systems that uses a camera usually needs image processing. Usually
filters, brightness, shading, mixing images, all these options are among the most popular
solutions. Some examples of general systems where image processing can be applied are the



recognition of basketball players in a court during game, to get some statistics or the players
movements in real time [13].

Resuming, can be concluded that there is a need to process images in various industries
and image processing is widely used in various systems. In the next section it is going to be
discussed how the image processing can be done using different technologies, starting with a
small introduction to the technology and them it uses in image processing.

2.2 Technologies used for image processing

In this section it’s described some of the most popular and used technologies to perform
image processing. In the end, a comparison is made between them so it’s understandable which
technologies to choose to perform image processing and in what situations might bring some
benefits the usage a specific technology.

2.2.1 MATLAB

This sub-section makes an overview on the highs and lows about the MATLAB software
usage for image processing, how can be used to perform it and some examples of its use for
real-life systems.

2.2.1.1 Brief introduction to MATLAB

MATLAB, developed in the early 1970s by Cleve Moler, it is one of the most popular
computing environments that allows the development of algorithms based in mathematical
functions, matrix operations and graphical interfaces. It is a high-level programming language
with the possibility of simulating a mathematical model. So, we can store an image in a matrix
and apply image processing to it [14].

MATLAB’s working environment consists in a MATLAB Desktop, which allows the
user to know the directory of the files developed and a history of the commands typed in so far.
Next it has the MATLAB Editor, where the .m files are developed, debugged and saved. The .m
is the extension referred to files developed and compiled in MATLAB [15].

MATLAB provides the possibility to define arrays and matrices of the data type
described in the picture above, and some built-in standard arrays like an identity matrix, a
matrix full of zero’s, full of random numbers, and the maximum size of elements in an array
depend of the version of the MATLAB currently used. All the matrix operations known from
Algebra can be performed in MATLAB, because it allows the use of matrix arithmetic



operators. Having an image stored in a matrix, we can then apply all the matrix transformations
and with that transform the original image.

The compiler used by MATLAB (MATCOM), which converts MATLAB native code
into C++ code (high-level programming language discussed later in this section), for a faster
computation [15].

2.2.1.2 MATLAB methods for image processing

MATLAB has the image processing toolbox (IPT), which is a collection of functions that
extends the features of the MATLAB environment to the operation of processing images. Some
of the functions that are useful for simple image processing are the following displayed in Table
2.2.

Table 2.2: Main functions of MATLAB to process images [14].

IPT function Example of application

imfinfo(‘pout.tif”) Function that displays image information
like the size and name of it, the format,
width, height colour type, and many more.

imread Allows the user to read image files of any
type (JPEG, PNG, etc), in any virtual format
and location and stores it on a variable.

rgh2gray It does the conversion of an image in rgb to
its grayscale equivalent.

image Displays an image using the current colour
map.

impixel Return the rgb value of the image’s selected
pixel.

imwrite Allows the image to be saved in a file with

the extension of the user’s choice, specifying
the quality parameter.

These functions described above are some of the examples of what MATLAB IPT library
allows the user to do. It allows the reading of an image, store it in a variable and then change it
like the user wants, converting it to grayscale or more. Some image processing operations like
the interpolation, which produces visually better results after enlarging or reducing an image is
also available in MATLAB IPT library. Other examples are the Nearest Neighbour Interpolation
and the Bilinear Interpolation [14].



MATLARB also has a useful tool called Simulink, that allows modelling and simulation of
the behaviour of dynamic systems. Its primary interface is composed by blocks of diagrams and
libraries to deal with them. It can be used for individuals with a lower background in
programming and facilitate between individuals with different technological backgrounds. This
tool also produces C code, that can be converted to other languages if needed [16].

To conclude this introduction, MATLAB has a lot more of functionalities and functions
that deal with image processing, like histograms, image segmentation, visual patterns
recognition and many other that are not referenced here. This section it is all about showing the
main functionalities of MATLAB. So far, we can see that MATLAB has potential to be used to
process images. In the next sub-section, an analysis is made about some projects where
MATLAB is used with the main functionality of image processing and conclude about is
efficiency in developing this task.

2.2.1.3 MATLAB as an image processing tool in real life projects

As concluded from the previous introduction to MATLAB, it has potential to be an image
processing tool and it can be used in several areas of knowledge. The first example is the use of
MATLAB?’s graphical interface to develop an interactive simulation platform with the purpose
of digital image processing. There is a graphical interface developed with some options for the
user to choose in Figure 2.1 [17].
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Figure 2.1: Graphical interface in MATLAB [16].

These options define geometric transformations, enhancement in images, and many more,
all previously developed in MATLAB. They are made so the user doesn’t need to develop any
code, it basically shows the user how an image is changed when applied some operation. We
can see in Figure 2.2 an example of the user choosing the option of apply a histogram operation
to the original image, and then see the result. It also has a description of the operation, what it
does and the outcome of it [17].
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Figure 2.2: Graphical interface for histogram equalization in MATLAB [17].

This project was developed with the purpose of being an auxiliary tool to teaching how
image processing it is done, as well as a way of help students to consolidate their theoretical
knowledge of image processing by watching its application, and to stimulate their interest on
the subject [16].

Another example of the application of MATLAB for image processing involves a robot
that must move to the direction chosen by the user. The user will be using a red cap in one
finger, recorded in real time by a webcam in a laptop. If the red cap points to the right, the robot
must go right, if it points to the top the robot must follow forward. The user chooses where the
robot must go, and then the frame is processed in MATLAB where it takes the colour of the red
cap, converts the whole frame to grayscale and then black and white. Finally, it puts the red
colour in the frame. Then it is tracked the red cap with a square, so it can detect the changes of
it, which means detect the changes of direction made by the user [18].

Another project like this, that can be applied to the medical and robotic industries is the
control of a wheelchair via Iris movement using MATLAB for image processing. It’s like the
previous project, there’s a camera that gets frames from the iris of the human eye and MATLAB
process’s the movement of it, sending then the information to the Arduino that controls the
motors of the wheelchair. This project allows people with mental or physical disabilities to
move without any effort, while using MATLAB to process their iris frames [19].

2.2.1.4 Alternatives to MATLAB

There are some alternatives to MATLAB. One of them, that is going to be described after
this MATLAB section is the OpenCV. OpenCV is a popular open source computer vision
library with a lot of image analysis and video analysis. In an experiment made, applying the
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Sobel filter to an image with resolution 1024x768 it can be concluded that OpenCV is faster in
this situation as expressed in Figure 2.3, so it is worth discussing it [20].
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Figure 2.3: Image of oil processed in MATLAB [20].

2.2.1.5 MATLAB, final overview

To end this discussion about MATLAB, we can conclude that it can be used to process
images. It can be used in several projects in a lot of different industries with different
requirements as we saw, and it can escalate and its user friendly having a graphical interface.

Next sub section makes an overview about OpenCV.
2.2.2 OpenCV

This sub section makes a general overview about OpenCV, how it can be used for image
processing and its application has an image processing tool in real life projects. It is also made a
comparison with MATLAB in terms of image processing.

2.2.2.1 Brief introduction to OpenCV for image processing

OpenCV was started and developed by Gary Bradsky at Intel in the year 1999 and
released in 2000, having its continued with the support of Willow Garage. OpenCV. All
algorithms are implemented in C++, but those algorithms can be used for different languages
like Python. OpenCV has a binding generator that enables uses to call C++ functions from
Python [21].

OpenCV has the same way to access images than MATLAB has, using for example the
imread function that stores the image (of any type, JPEG, PNG, etc) in a matrix. Of course, it
also has ways to deal with matrices and access single or multiple positions on it. It is also
available geometric operations too, like translation, rotation, reflection and many more [21].
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OpenCV also has filters to highlight borders and other tiny details within images. Some
examples are the Sobel and Laplacian filters. Both use derivatives to highlight borders and
details, and the code and its output are displayed in Figure 2.4, with the Sobel output on the left
and Laplacian on the right [21].

Figure 2.4: Sobel and Laplacian filters applied on an image in OpenCV [21].

It can be concluded that OpenCV has all the features to be a good tool for image
processing. It has a way to get an image, process it by putting it on a matrix and applying
geometric transformations and filtering, like MATLAB. In the next sub section, an overview
about the use of OpenCV in real life projects with the purpose of performing image processing
is made.

2.2.2.2 Use of OpenCV for image processing and acquisition in real life projects

In this sub section it is going to be introduced the use of OpenCV in real life projects,
with the purpose of using it for image processing. The first example is the recognition of shapes
like triangles, squares and rectangles in a given image. Toys have the described shapes that are
going to be recognized and separated. In Figure 2.5 it is revealed the steps taken to differentiate
the different types of shapes [22].
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Figure 2.5: Sample flowchart for the recognition of shapes in OpenCV (adapted from

[22]).

Those steps consist on a previous phase where the image is already stored in a file and is
the input to the OpenCV interface. It is used the OpenCV image processing library in Python to
perform a grayscale conversion, adjusting the threshold of the image and the contour
approximation. The grayscale conversion has the objective of transforming the image in shades
of gray, each pixel having its own intensity of gray (different level of shade). The thresholding
is adjusted so the value of the pixels can be classified, and after this classification the contours
are defined, which means a curve it’s defined joining all the points with the same intensity in a
continuous manner, giving us the shape of the object. Finally, the number of different shapes is
counted, each one being an object like a rectangle, square, triangle or unknown if none of the
others matched [22].

Another example of OpenCV applied for image recognition is in an intelligent traffic
management system. The proposed methodology starts with video acquisition, composed by
multiples cameras and processing the input through some filters and algorithms. The next step is
video pre-processing where the video frames are processed until the user wants to stop this
process. The Video feed is converted from RGB to Grayscale, so the amount of data to be
processed is reduced. To end this step, a histogram is made to represent the pixel intensities
with correspondent values in a chart [23].

The step of image recognition is next, and it has the point of differentiate cars from
trucks, buses, wagons, and many more. There’s an interface designed to test the classifier in toy
cars and in with real cars in real time, as observed in Figure 2.6. There are more steps that
consists in analysis in the number of cars detected by all cameras, so the user can now with
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precision if the traffic is congested and the kind of vehicles in it. As observed, OpenCV does an
excellent job recognizing image patterns and interfacing with image acquisition devices [23].

Figure 2.6: Application of the algorithm for the recognition of vehicles in OpenCV [23].

The next project where OpenCV was applied to image processing is the detection of different
corn grain morphology. Corn is one of the most important and fundamental crops in China, one
of the most developed a complex country in the world, so it’s quality must be up to the
standards made by China agriculture’s organization. This project consists on getting an image
from the corn grain taken from a video, zoom it to the area of interest, convert it to gray and
finally looking for sharp points of grain to make a final image which consist of an ellipse fitting
of the corn grain. Then the main parameters for quality control are calculated like the deflection
angle, the diameter of it, and many more, all of this available in an interface with the user [24].

To conclude this sub-section, OpenCV can be applied to image processing, having a great
interface to use video cameras. In the next sub-section, OpenCV is compared to alternative
technologies like MATLAB.

2.2.2.3 OpenCV, final overview

To end the discussion about OpenCV, we can conclude that it can be used to process
images, and it is efficient and widely used to do so. It’s one of the most popular software used
to do this task in the industry of robotics and it’s currently free. It can be used in several projects
in a lot of different industries with different requirements as we saw, and it can escalate.

The next sub section describes one of the programming languages used for OpenCV
implementation, C++, and how it can have its uses for image processing.
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2.2.3 C++

This sub section makes a quick overview to the C++ programming language and if it can
be sued for image processing in real life.

2.2.3.1 Brief introduction to C++ for image processing

C is one of the most popular high-level languages and used around the world. It was
developed in the 70’s by Dennis Ritchie and 90% of the Unix operating systems was developed
with this language.

Like the previous programming languages described above C enables the use of functions
used to processing images, like histograms and edge detections, among others. Also, the
simplest image transformations are allowed like rotation, inversion, scaling, and more, which
makes it a programming language suitable for the task of image processing [25].

About C++, it’s an upgraded version of the C language. It is widely used because is it a
more complex and upgraded version of C, although in terms of image processing has the same
features as C but grouped in libraries. There are some examples of use of C++ for image
processing in real life projects, as described in the next sub section.

2.2.3.2 Use of C++ for image processing and acquisition in real life projects

The C++ language can be used in several projects with the purpose of image processing.
The first example is its application in the medical industry. It was developed a system in C++
for reconstruction and enhancement of a 3D medical image with the objective of enhance the
visual effects on the image and surgery precision with the final goal of drawing a 3D human
organ. The code was developed using Microsoft Visual Studio 2012 as the chosen development
tool in Windows 8 OS [26].

The image is acquired and inserted in the system with the image format of JPEG, PNG, or
others, and after that it is processed using some 2D image processing algorithms to adjust the
brightness and other, and finally reconstruct it using an 3D reconstruction algorithm, all these
algorithms developed in C++. Some options of visualization are given in an interface for the 3D
reconstruction operation like zooming and rotating. After that, a low pass filter to smooth the
image is applied, and the subtraction of the smooth image is done to the original, giving as final
result a clear image [26].

Finally, the image is reconstructed to the 3D format, using a lot of transformations and a
pre-defined C++ algorithm, which lets us conclude that C++ was useful as an image processing
language.
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This was an example of how to use the C++ language to the task of processing images. It
can do it, but it’s more used in OpenCV. So, it can be stated that C++ can be used alone as an
image processing language.

2.2.4 Some applications used for image processing

For the task of image processing there are other solutions in the market besides the
solutions presented in this chapter so far. These solutions can be expensive, so this sub-section
IS going to cover just their main features.

Agisoft Photoscan it is a software application designed to generate 3D models from
pictures taken in different perspectives (angles). It is one of the most popular in this area and its
main goal is to process aerial images and it needs a better hardware than the hardware used by
their competitors, and it needs more RAM than them [27].

Another software application, one that displays the best performance results is Pix4D,
because the post-processing can be done inside the software without the need to export to other
software like the others do [27].

Other example of application for image processing is Menci APS, that has a CAD and a
3D view, differing from Pix4D in a more customizable result [27].

2.2.5 Conclusions

It can be stated that the described software can be used for the task of image processing
and can be combined with other technologies the same task. All the technologies presented are
software languages and are among the most popular used for image processing. The next section
describes an alternative to these solutions, the FPGA, which is the chosen solution to implement
the image processing framework described in this document.

2.3 FPGA

In this section it is presented the FPGA. It is going to be made a little historic
introduction about it, followed by an overview of its uses in image processing and followed by
some examples in real life projects. To conclude the section, the FPGA and the other software’s
mentioned in the last section are compared when used in a real-life image processing system.
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2.3.1 Origins and introduction to the FPGA

Any digital logic circuit that performs a task in a system can be represented by 3 types of
logic gates, AND, OR and NOT, where AND is the logical conjunction of all signals composed
by 0’s and 1’s (0 represent the absence of signal and 1 represent the existence of it), OR the
logical disjunction, or the NOT that inverts the signal representation (applying NOT to the value
0 turns it into 1 and vice-versa). So, in 1980’s this led to the development of PLDs
(Programmable Logic Devices) by the company Xilinx and many more, which is thousands of
these gates in a single chip with the goal of implementing combinational logic. Later, grouping
PLDs on a single chip was called CPLDs (Complex Programmable Logic Devices) [28].

A different architecture was proposed in the mid 1980’s that consists in RAM-based
lookup tables instead of the previous gates described before to implement combinational logic,
being these devices called FPGA (Field Programmable Gate Array). These devices contain an
array of CLBs (Configurable Logic Blocks) and an array of 1/O blocks. As an example, the
family of FPGA Spartan-3E from the company Xilinx, in which each CLB has four slices, and
each of these slices has 16 x 1 RAM look-up tables (LUTSs) (array that replaces runtime
computation with a much simpler array indexation operation to save in processing time) that
allows the implementation of four variables. Each slice still has 2 flip-flops with type D to act as
storage devices for bits [28].
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Spartan 3 50 000 — 5 000 000 124-784 192 -8 320 228071 264 73728-1916528
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Virtex E 71693 — 4074 387 176 - 804 384-16224 1888 — 66 504 65 536 — 851 968
Virtex-ll 40960 — 8 388 608 88- 1108 64—11 548 104095832 73728 -3 096 576

Figure 2.7: Comparison of logic composed CPLDs and FPGA (adapted from [28]).

The old way of designing digital circuits was to draw logic diagrams that contain the
previous gates and some logic functions. But with the number of gates and logic functions
growing exponentially, this process started to become problematic. Drawing thousands or
millions of gates would be a long and hard task. So, to better describe digital circuits, the HDLs
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were proposed. These languages allow the user to design a digital system by writing a program
that describes the behaviour of the digital circuit [28].

The most widely used HDLs are VHDL and Verilog. The program wrote in these
languages can be used to both simulate the operation of the circuit and make the synthesize
process to perform an implementation of the circuit. This implementation can be done in a
CPLD, FPGA or an ASIC (Application Specific Integrated Circuit). But it is also needed an
HDE (Hardware Description Editor) [28].

Since VHDL and Verilog are the most widely used HDLs, it is interesting to find their
characteristics and compare them in terms of efficiency. In terms of modelling capability,
Verilog does not have the same level of abstraction as VHDL. However, Verilog can model
Gates and VHDL cannot without using the VITAL language as described in Figure 2.8 [29].

Behavioral level
of abstraction

Verilag WHDL

HDL modeling capability WVerilog W Vital MVHDL

Figure 2.8: Modelling capability between Verilog and VHDL (adapted from [29]).

In terms of compilation VHDL has multiple design units (pairs compost by
entity/architecture) that reside in the same file, which allows the units to be compiled in
separately if desired. Verilog is rooted in the native interpretative mode, which means that it
must be kept wisely the compilation order of the code written in one file and the compilation
order of several files. In terms of data types, in VHDL are chosen by the user, but in Verilog’s
chosen by the Verilog language which is simpler. Finally, in terms of reusability, VHDL has
procedures and functions that may be encapsulated in a package, and a sort of packages can be
assimilated in a library to become available to any design-unit that needs to use them. In
Verilog there’s not present the concept of package, functions and procedures must be used
within a model that must be defined in a module [29].

It was made an experiment of implementing the greatest common divider in both HDLSs,
and the final conclusion was that either one of them can get to the solution very fast, which
means that the hardware that is modelled in one HDL can also be modelled in the other, that the
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choose of the HDL (VHDL or Verilog) it is not based on technical properties but in the
company’s culture [29].

In [30], it is compared the speed of ASICs and FPGAs by measuring the maximum clock
frequency for each of them. The power consumption is measured in the static and dynamic
components. The results of the speed test were that in average the ASICs is 3.1 times faster than
the FPGA. For circuits with logic, the FPGA is 3.2 times slower than the ASIC’s, for circuits
that use the block memory it’s 2.3 times slower and those that use both are 2.3 times slower as
well. In terms of power consumption, the FPGA consumes 12 times more than the ASIC using
multipliers, 9.2 times when it is used memories and 9 times when both.

So why use the FPGA? Because it is reconfigurable. It is also one of the reasons for its
high consumption in terms of power. ASICs cannot be reconfigured as FPGAs can [31].

So, the conclusion to take out of this discussion between ASICs and FPGA is that FPGAs
are usually used to develop prototypes, due to their reconfigurable properties, that later can be
implemented in ASICs, since ASIC’s performance is usually higher. In the next sub section, it’s
presented the reasons why the FPGA can be used for image processing.

2.3.2 Why the FPGA can be used for image processing

The FPGA used HDL instead of a programming language, and as described earlier, it can
achieve faster processing times. As an example, if we need a surveillance system and it is
needed a performance of processing speed less than 40 milliseconds and we can use the
programming languages C++, MATLAB or an HDL language in the FPGA, which uses a low-
level programming model oriented for hardware. For MATLAB is used the simulator Simulink,
and it allows the FPGA hardware to be included by adding the XGS (Xilinx System Generator)
block sets in the process of the simulation. This generator converts the Simulink model to be
used in the environment Xilinx, so the developer doesn’t have to be familiar with the HDL
language used, the systems converts the model to it [32].

The image is inserted in a matrix for MATLAB and C/C++, but in the FPGA, there is
needed some extra blocks to deal with it since it can’t perform multiple dimensional signal
processing. The FPGA used is from the family Virtex-5 (ML-555 board). There are available
images with size 4KB, 45 KB and 119KB, and the same image processing algorithms are
applied. In Figure 2.9 are displayed the execution times for each. The FPGA achieved faster
execution times in comparison to MATLAB’s and C++’s. and with the increasing of the image
size it keeps faster [32].
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Figure 2.9: Processing time in milliseconds for MATLAB, C/C++ and the FPGA for
images of different sizes (adapted from [32]).

The image can be put in the FPGA in a matrix defined by the user or in the memory of
the FPGA like the RAM [33].

Another example that shows the FPGA use for image processing is object detection and
classification. There is a C++ based class library, SystemC, which can be converted to VHDL.
But the implementation of these algorithms can also be made in OpenCV or in VHDL for
example. So, it was made a comparison between the time spent in the execution of the image
recognition and processing algorithms in OpenCV, in VHDL and in SystemC, which is
converted to HDL and downloaded into the FPGA [34].

Why the conversion from SystemC to HDL in the FPGA? Because the image processing
algorithms that are used in this problem are too complex to develop efficiently in HDL. The
results are presented in Figure 2.10. The implementation in VHDL achieved better performance
in this situation than the previous alternatives, OpenCV and System C. From this experiment, it
can be concluded that the FPGA can be used for image processing and get good results in some
situations [34].

205.7 228.7 136.9 250.3 309.7 143
52,63 1757 27.4 151.1 192.8 49.7
191.6 225 63.9 191.6 225 63.9

Figure 2.10: Comparison of the performance of the FPGA using VHDL, SystemC and
OpenCV [34].

The next sub section presents some real-life projects with the goal of performing image
processing where the FPGA is used has the primary solution.

2.3.3 Use of the FPGA in real life projects

Now that it is established that the FPGA can be used for image processing and has a good
performance, some examples of its use in real life projects are presented.
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The first example is to process images taken by a set of cameras in a robot. The
experiment consists in having a set of 2 cameras and 2 VGA monitors, being the task of the first
camera to detect the shape, the colour blue of an object and position of the object. The object is
displayed in real time in the first monitor plus the background, and the colour and position of
the object consists in a different task for the robot to perform, being this case to drive the motor
to rotate and change the robots direction (left to right for example) according with the position
of the blue object. The second camera has a global monitoring trolley robot to monitor the entire
area and displays it in monitor 2. The task of the FPGA is to process the image using VHDL to
develop the image processing algorithms. The images are received in real time by the cameras
and displayed it after prior processing in the monitor trough the VGA interface. In Figure 2.11 it
is displayed the robot recognizing the blue object and grabbing it with a claw [35].

VAR | W
Figure 2.11: Robot grabbing a blue object after the recognition and processing of the
objects image by the FPGA [35].

The second example that combines the use of the FPGA and OpenCV for image
processing is a system with the task of processing video from several cameras in real time. The
footage contains cars in the traffic, and the goal is to find out if the traffic is congested and warn
the user about it. The video footage is processed by using OpenCV, because of its interface with
the cameras, and to choose the area of interest that is going to be processed by the FPGA. For
example, the trees and building must be filtered from the original image, so the processing made
in the FPGA deal only with the cars in the road. The processing algorithm that deals only with
the vehicle detection and counting is made in OpenCV but is converted to VHDL using a
MATLAB library. 1t’s then compiled and executed in the FPGA. Finally, the warning is sent to
the user if the traffic is congested. An example of the algorithm detection is shown in Figure
2.12 [12].
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Fig. 9 The algorithm of detection vehicles is applied to the sequence of
images.

Figure 2.12: Algorithm for car detection made in OpenCV and converted to VHDL, being
executed in the FPGA [12].

There is still one more important tool to discuss, LabVIEW. LABVIEW is a graphical
programming and design language that has the same image processing functionalities the text-
based languages have. The main advantage of graphical programming is that is not needed a
background in text-based programming. It allows system modelling using graphics. Another
advantage is that its performance is compared to that achieved by text-based languages because
LabVIEW compiles to machine code [36].

LabVIEW FPGA is the part of LabVIEW that integrates its functionality with the FPGA.
Block diagrams made in LabVIEW are converted to digital hardware circuits and deployed to
the FPGA [36].

An example for the use of the LabVIEW FPGA is acceleration of the image processing
using LabVIEW FPGA and a FPGA co-processor to process video that is being recorded by a
camera. After some images are recorded by a camera, the host uses LabVIEW as an interface to
download them into the FPGA via USB 2.0, which uses a co-processor to speed the process.
The image processing then consists in applying a noise filter and an edge detection algorithm.
After application, the image is displayed in a monitor using the interface VGA [37].

The next sub section shows other uses for the FPGA besides its use for image
processing.

2.3.4 High Level Synthesis

This section as the goal of explain what high-level synthesis is and how can it be applied
to the FPGA, using Xilinx Vivado HLS (High Level Synthesis).

2.3.4.1 Introduction to high level synthesis

Software algorithms tend to be developed with the goal of abstracting the developer from
the details of the computing platform. There are processors specialized in digital signals (DSP)
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and in graphics processing (GPU), being both capable of executing any algorithm written in a
high-level language. But they are bounded to use accelerators with a specific function that
allows an improved execution of the algorithm in their target software applications [38].

So, the objective is to design algorithms with parallelization in mind, efficient
parallelization so the performance of the algorithm can increase. But the techniques used for
algorithm design use the same elements of the FPGA design, making it clear that the principal
difference between a FPGA and a modern processor is the programming model. So high-level
synthesis gives abstraction to a developed solution, being an automated design process that
processes an algorithm description of some wanted behaviour and ends up creating hardware
with the sole purpose of implementing that behaviour [38].

2.3.4.2 Xilinx Vivado HLS for image processing

There are compilers from C and other high-level languages for different processor
architectures, but here it’s introduced the Xilinx Vivado HLS (High-Level Synthesis) compiler.
It has the same functionalities that some other compilers of C have, but is target is the Xilinx
FPGAs. The FGA traditional flow uses RTL (Register Transfer Level) as the main method for
design capture. In Figure 2.13 it is shown the importance of the programming model in
implementation time and performance in different computation platforms [38].

Performance

[ FPGA with RTL

GPU I}
DSP 31
x86 1 @ FPGA with RTL
Typical Design Time
@ Dsp Limit in a Software

Project

@ xs86

. First warking version [':] Optimized version Time

Figure 2.13: Use of RTL to implement programming model in different platforms
(adapted from [38]).
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In Figure 2.14 is displayed the use of the Xilinx Vivado HLS. It makes the process of
transforming a C specification into a RTL implementation that can be later synthetized into the
FPGA [38]. The Xilinx Vivado HLS design flow is descripted in Figure 2.15.
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Figure 2.14: Use of Xilinx Vivado HLS to implement programming model in different
platforms (adapted from [38]).
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Figure 2.15: HLS process in Xilinx Vivado HLS (adapted from [38]).

The resume of processes used in the HLS on Xilinx Vivado HLS is present in Table 2.3.
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Table 2.3: HLS detailed process in Xilinx Vivado HLS.

Sub-process

Description

Compile, simulate and debug the C code.

Synthetize C into RTL.

Generate reports and analysis of the design.

Verification of the RTL implementation.

Packaging the RTL implementation.

It compiles, executes and debugs the
algorithm that has been developed in C.

Synthetises the previous developed C

algorithm into an RTL implementation.

Generate reports about the synthesis and it
analyses the design.

Verify the RTL implementation.

Turns the RTL implementation into a
package and selects IP formats for it.

For the image processing task, Xilinx Vivado HSL tool can be used to allow hardware
acceleration of image processing algorithms. The goal is to develop image processing
algorithms in C and then use HLS to implement these algorithms in the FPGA more efficiently
and faster. As an example, to implement a histogram (representation of the frequency of pixels
intensity values in an image, giving information about if the image is dark or light) the
flowchart to implement the algorithm in C++ is described in Figure 2.16 [39].

Input Image

Initialize array of

size equal to

maximum gray

level

Take one pixel at
a time through
AXl input stream
until image size

Increment array
location i.e. equal

to gray level

value

Store final array
value in text file
and plot it

Figure 2.16: Histogram flowchart for its implementation if C++ (adapted from [39]).
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There is also implemented the Histogram equalization without pipelining and with
pipelining in hardware resources, being the pipelining process introduced by the Xilinx Vivado
HLS tool. Figure 2.17 shows the final output of the image [39].

Figure 2.17: Output of the Histogram and Histogram Equalization implemented using
Xilinx Vivado HLS tool [39].

To conclude this overview about the Xilinx Vivado HLS tool, it can save time in developing
image processing algorithms in VHDL. The synthesis of C code to VHDL may not be perfect,
but it can allow a faster execution of the algorithm and less time developing and testing the
algorithm.

2.3.5 Other uses for the FPGA

The example described is the use of the FPGA to implement an architecture to digitally
control a motor that is connected to an Arduino. It also has a Java graphical interface for
monitoring and control the whole process. Basically, a control system is a set of inputs and
outputs. There’s a controller to lead these processes, and it must operate at a high speed, so the
FPGA will do this task and control how the motor should operate. The controller parameters can
be chosen and changed in the Java graphical interface. The Arduino is connected to the motor,
by USB to the computer and to the FPGA by pins [40].

The FPGA can also be used with another popular device, the Raspberry Pi. A webpage
is made with PHP to ask the user which pre-defined operations (like the average filter,
sharpening filter) should be done to an image uploaded in the web page. That page is interfaced
with the Raspberry Pi, which provides IP address to communicate with the web page. These
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operations and the image are given to the FPGA that performs the task of applying the filters
[41]. The next sub section deducts conclusions about the use of the FPGA for image processing.

2.3.6 Conclusions about the use of the FPGA for image processing

It can be concluded that the FPGA can in fact be an alternative in developing the task of
image processing when compared with high-level programming languages. The use of an HDL
can be an alternative, and sometimes achieve best performances than high level programming
languages can. The use of the FPGA for other tasks besides image processing unveils some of
its potential as a processing tool.

The next section describes the DS-Pnets and IOPT-Flow in detail and how can both be
used in the image processing subject.

2.4 DS-Pnets and IOPT-Flow

The DS-Pnet (Dataflows, Signals and Petri nets) modelling formalism and its associated
tool framework IOPT-Flow, proposed in this document to support the development of image
processing systems, is described in this section.

2.4.1 DS-Pnets

The DS-Pnets, proposed in [42] [43] [44], are an intuitive graphical formalism that
combines Petri nets and dataflows. These Petri nets inherits the execution semantics and the
main characteristics of the IOPT Petri net class [5]. In the dataflow part, it is considered that the
operations are instantaneous and that there is no propagation delay between operations. It has
the Petri net class main components like a Petri net place, transition and arc, also an input and
output as a signal, or an event. It has a dataflow arc and an operation. The external interface of a
model is characterized by inputs and outputs, some can be reading of a sensor or setting of some
values in actuators. These signals are associated with 1/O pins that are connected to physical
devices [5]. The elements presented in Figure 2.18 are available:

e Petri net Place — represented by a yellow circle with the marking, which can be
null (zero) or a positive integer, at the centre;

e Petri net Transition — represented by a cyan rectangle;

e Petri net Arc — represented by an arrow, it connects a place to a transition or a
transition to a place;

o Read Arc — represented by a blue dashed line with a circle at the end, when the
target is a transition, or with a triangle at the end, when the target is another DS-
Pnet element;
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o Input signal — represented by a green circle, it is used to specify a system input,
and can be Boolean or integer range;

e Qutput signal — represented by a red circle, it is used to specify a system output,
and can be Boolean or integer range;

e Events, input or output — represented by green or red diamonds, are only active
during a single execution step (in hardware: during a clock);

e Operation — represented by a trapezoid (by default) with a set of inputs and one
output, perform mathematical operations;

o Component — represented by a gray rectangle with inputs and outputs, it contains
a DS-Pnet model or an external component.

)

Figure 2.18: DS-Pnet elements.

Components support hierarchical structuring, simplifying models’ creation and reading.
Complex systems can be specified through multiple models, which are then instantiated in a
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main model through components. Components can be instantiated several times in the same
model, or reused on future projects, accelerating their development.

2.4.2 I0OPT-Flow

To support the use of DS-Pnets in model-driven development approaches, the IOPT-Flow
tool framework was developed [45]. This framework has many similarities with the IOPT-tools
framework [46], which supports the IOPT Petri nets [5]. Both are Web-based tools that support
models’ edition, validation, and translation into implementation code. The IOPT-Flow
framework supports the development of embedded and cyber-physical systems, generating
Javascript, C, and VHDL code. The main IOPT-Flow tools for hardware development are:

e Editor — to create and edit DS-Pnet models;

e Simulator — to validate the developed models, it provides an interactive token-
player and produces the associated timing diagrams;

e Automatic VHDL code generator — automatically translates the DS-Pnet models
into VHDL code, to support systems implementations in reconfigurable hardware
platforms, such as FPGAs.

The editor, presented in Figure 2.19, is a web-based editor that uses the Ajax principles.
The editor is divided in three main areas. At the left are available icons to draw elements, rotate,
multiply or delete them, create, open, and save models, among other options. Models are saved,
in XML format, in the Webserver, but can also be downloaded. The area at the centre is the
drawing area; whereas at the right is the properties area, which is displayed when an element is
selected.

CIOEN ot o | o o |
L [ Sove | ese |

Figure 2.19: IOPT-Flow editor.
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The simulation tool is presented in Figure 2.20 and a timing diagram is presented in
figure 2.21. At the left the icons that control the simulation execution, save and load
simulations, launch the timing diagram, and more. The simulator keeps track of every
simulation step. At the centre the simulated model at a specific simulation step. Finally, at the
right the model inputs, outputs, place marking and fired transitions, where it is possible to
change the inputs.

1OPT-Flow Simulator

Figure 2.20: IOPT-Flow simulation tool.
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Figure 2.21: Timing diagram.

The automatic code generators do not have a specific user interface. They run on the
Webserver and are launched when their icons, presented in Figure 2.22 and available at the left
area of the IOPT-Flow editor, are pressed.

Select node operation opl

Figure 2.22: Automatic code generators.

2.4.3 Final remarks

We can conclude that the DS-Pnets and IOPT-Flow framework are useful tools to specify
and develop embedded and cyber-physical controllers. However, their characteristics look
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appropriate for the development of image processing algorithms or even for the full image
processing system, to be implemented in hardware platforms, such as FPGAs.

The next chapter describes in detail the developed validation framework, to achieve the
initial stated objectives.
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3 Image processing validation framework

This chapter makes an argumentative approach on the proposed architecture and the how
it was validated.

Section 3.1 describes the proposed architecture with a block diagram. Section 3.2
describes the validation platform developed to test and validate the proposed architecture.
Finally, section 3.3 describes the technologies used to implement the validation platform and
section 3.4 the implementation of the validation platform.

In order to implement the validation platform, extra technologies need to be used. In this
section is made an overview of the used technologies and the configurations needed to make the
best use of them for the validation platform needs.

To better illustrate the system implementation and concepts behind each module, the
UML editor StarUML was used. UML is an established modelling language for developing
systems and software, it was chosen to better model the system. This editor allows the creation
of UML statechart and UML flowchart models. The UML flowchart is used to display the flow
of a specific module. The UML state chart, which can be defined by being a finite set of state
machines with hierarchy, orthogonality and broadcasting, was used to describe all the actions in
the system.

The following section will introduce the validation platform, giving an overview about
the framework itself from a high-level point of view.

3.1 Introduction

An FPGA-based platform can be used to implement the complete image processing
system, or just a part of it. FPGAs are often proposed for image pre-processing, receiving
images from the camera and providing processed images and/or their features to another system,
usually a computer. The block diagram of a common image processing FPGA-based system is
displayed in Figure 3.1.

Computer

Image Features &
Processed images

Figure 3.1: The block diagram of an image processing FPGA-based system.

33



To develop an image processing system in hardware, it is required to validate if it meets
the necessary requirements to produce meaningful results. Those results need to be valid in the
context of image processing and comparable with similar results from other image processing
systems. Section 3.2 presents the proposed validation platform for FPGA-based systems.

3.2 Validation platform

To validate FPGA-based image processing systems, a validation platform was developed.
Its simplified block diagram is displayed in Figure 3.2. The platform consists in an FPGA, a
computer and a DDR2 SDRAM (Double Data Rate type 2 Synchronous Dynamic Random-
Access Memory), hereinafter referred as DDR2. Here, the image is sent from the computer to
the FPGA, where it is processed. In the FPGA, it is stored in a DDR2, and the processing
algorithms are executed. After the extraction of the image features, the FPGA sends to the
computer the processed images and/or their features.

Image

Features &
Processed images

Figure 3. 2: Simplified block diagram of the validation platform.

3.2.1 FPGA-based implementation board

The FPGA-based implementation board, of the proposed validation platform, is the Avnet
Spartan-3A DSP 1800A Video Kit, displayed in Figure 3.3. It includes the Xilinx Spartan-3A
DSP 1800A Starter Board, the Avnet EXP PS Video Module and an LCD panel. The Xilinx
Spartan-3A DSP 1800A Starter Board contains a 128MB (32M x 32) DDR2 SDRAM, which
will be used to store the images and their features.
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Figure 3.3: Avnet Spartan-3A DSP 1800A Video Kit.

3.2.2 FPGA development environment

The Xilinx ISE 14.7 is the software tool chosen to synthetize and analyse HDL projects,
as well as setting a target device to program. It supports the VHDL language, which is used to
program the chosen Xilinx FPGA for the validation platform. It is important to highlight
another Xilinx ISE tool, the IP Core Generator, which was used during this work, for example,
to generate the DDR2 interface. The used version is the latest; however, Xilinx ISE it is not
updated since 2013. The Xilinx software environment that replaced ISE is the Vivado Design
Suite, but it does not support the device being used. A snapshot from Xilinx ISE is displayed in
Figure 3.4.
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Figure 3.4: Xilinx ISE 14.7.
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images and/or their features, the Realterm software application is used. It is a serial terminal
program that allows the user to control which images are sent and at what baud rate. It is the Ul
(User Interface) of the validation platform, not only used to send images, but also to receive
data and present it to the user, or even to save it in a file. The version of the program used is the
2.0.0.70 and is displayed in Figure 3.5.
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Figure 3.5: Realterm.
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For the validation platform, the baud rate (rate at which the serial data is transmitted in
bits per second) was set to 9600 bps (bits per second) initially for initial tests, but since
Realterm allows a maximum of 921600 this was the value chosen in the end, to reduce the
transmission time. It is also required to select the serial port, although it is selected by default
when the serial to USB cable is detected. The other parameters were set to default. In Table 3.1
are the configuration parameters and in Figure 3.6 a screenshot of the configuration tab in
Realterm. The UART (Universal Asynchronous Receiver/Transmitter) parameters needs to be
configured in the Realterm and in the FPGA. In both, the data bits are set to 8 bits, the parity bit
is disabled, which is used for transmission errors detection, 1 stop bit is enabled and no flow
control is done.

Table 3.1: Configuration Parameters for UART (Realterm).

Baud rate (bits per second) 921600

Number of Data Bits (7 or 8) 8

Parity Bit (On, Off) Off

Stop Bit (0, 1, 2) 1

Flow Control (None, On, Hardware) None

Port Number of the serial port where the cable is
connected

Display Port | Capture | Fins | Send | EchoPart| 120 | 1202 | 12CMisc | Misc |
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Figure 3.6: Realterm configuration tab.

3.2.4 Operating system

The Operating System (OS) used is the Windows 10. This choice was made by personal
choice and experience in the OS, and because the Xilinx development environment ISE was
already installed in a PC with this OS. Additionally, Visual Studio 2017 is compatible with
Windows 10.

Having described the validation platform, section 3.3 describes the validation flow of the
validation platform.
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3.3 Validation flow

The validation platform block diagram is presented in Figure 3.7, providing more detail
than Figure 3.2. The computer executes two applications, the developed C# program and the
Realterm. The FPGA includes:

e the UART modules to receive (“UART_RX”) and transmit (“UART _TX”) from/to the
Realterm;

e the DDR2 memory interface automatically generated by the Memory Interface
Generator (MIG) from the IP Core Generator of the Xilinx ISE tool;

o the image processing algorithms to be validated; and

o the main algorithm that controls the entire system, ensuring proper communications,
data exchanges, and the execution of the image processing algorithms.

The DDR2 memory, as illustrated in Figure 3.9, is used to store imagens and their features.

Address Main Controller « UART RX Computer
Img/Data WR Memory Ci#t App
Interface
\mg/Data RD _ J UART_TX
' Algorithm

Figure 3.7: Validation platform block diagram.

The validation flow, using the developed validation platform, is presented in Figure 3.8.
The flow starts with the user picking an image stored in the computer memory. This image can
have several image extensions as .jpg, .png and others. The image must be transferred from the
FPGA to the computer via serial port. To do this, a serial terminal program (such as the
Realterm) that uses the UART to exchange data between components (in this case the FPGA
and the computer) is used. Realterm has the option to send a file. Before sending it, it is
required to convert the original image, which is usually a compressed image, to its
correspondent bitmap (.bmp), saving the image pixel by pixel in a binary file. After that, the
data is not compressed, and the pixels are represented by the RGB colours, each having 24 bits
representing them, the FPGA can understand the image and start to process it.
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The serial terminal program sends the file with the image to the FPGA, where the data is
received and stored in the DDR2 memory. The image processing algorithm can be executed
now. From this processing, the images and/or their features are stored in the DDR2. When all
the features are obtained, they are sent to the computer. The serial terminal program acts like the
interface and receives the image features via UART. The processed images and/or their features
are then evaluated by the developed C# program. One of the developed algorithms produces a
Gray-Level Co-Occurrence Matrix (GLCM), which is received by the computer and stored in a
csv file to be compared with the matrix obtained in the software implementation.
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Figure 3. 8: Validation flow.

In the validation flow, the user chooses an image to be processed or to have its features
extracted. This pick happens in “Chooselmage” process. The “ConvertToBmp” process is the
execution of the C# program to convert the image to its bmp equivalent, if it is not already in it,
and store it in a binary file. The process of “SendToFpga” is the transfer of the text file to the
FPGA using the serial terminal program as an Ul. When all the data from the text file is
received, it starts to be stored in the DDR2, which is described by “StoreInDDR2” process.
After that, the image process algorithms are executed in order to extract the desired image
features. The image features are stored in the DDR2, and when are all determined, the FPGA
sends them to the PC (“SendlmageFeaturesToPc” process). The image features received in the
serial terminal program are then evaluated in the C# program, which is described by the
“EvaluateFeatures™ process. When all of them were evaluated, the flow resets, allowing the user
to choose a new image to extract its features.
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The next section describes the main controller and the modules to interface with the computer
and DDR2.

3.4 Implemented modules

This section describes, with technical detail, the modules that allow the interaction of the
image processing modules with the computer and with the DDR2 memory. These interface
modules were developed using manually written VHDL code; however, one of these modules,
one that interfaces with DDR2 memory, was generated by the Xilinx CORE Generator tool.

The block diagram of the validation platform modules is displayed in Figure 3.9. In the
current section, only modules that do not implement image processing algorithms are described.
These modules include the interface with the DDR2, the communication with the computer via
UART and a main module to control all the system actions. The blocks that implement image
processing algorithms are explained in the next two chapters.

C | UART_RX

Generated
Memory Interface
Controller

Memory Interface

3 UART_TX

Image
Algorithm

Figure 3.9: Validation platform modules block diagram.
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The next sub sections explain the components presented in Figure 3.9. As a note, the
“Main Controller” module is called “Control Imig” module. The second name was used for the
implementation.

3.4.1 Memory Interface Generated module

This module is an interface with the DDR2 memory, which is used to store the images
and their features. It was generated using the Xilinx CORE Generator tool. This tool allows the
generation of several modules like dividers, RAM or ROM memories, and more. So, we need to
specify what kind of component we want to generate. For the DDR2 interface, we must choose
a RAM memory and an interface to interact with it. In the tool, the folder memories & storage
elements are chosen and in there is a folder called Memory Interface Generators. This folder
and then the option MIG are selected. In Figure 3.10 is displayed a snapshot of the Xilinx
CORE Generator tool.

¥J Xilinx CORE Generator - No Project -

File View ManagelP Help

D2dagF ew

e |IP Catalog & x
.
View by Function  View by Name Io iC SRE MIG
ar Name Version g
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= | ®-[7 BaselP
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#- |7 Communication & Networking
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@[ Math Functions
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Figure 3. 10: Memory interface generation for DDR2.

To finish the generation of the DDR2 interface, some additional configuration parameters
must be provided. In Table 3.2 are displayed the configuration parameters:

Table 3.2: DDR?2 interface configuration parameters.

Frequency 8000 ps = 125 MHz

Data Width 32 bits

Burst Length 4

41




The frequency was set to 125 MHz to match the clock frequency of the FPGA. The data
width was set to 32 bits, since two DDR2 of 16 bits are used. The burst length of 4 allows the
read and write of 128 bits, which are 4 words of 32 bits.

In order to understand the reason behind this configuration, the behaviour of the DDR2
must be explained. The DDR2 has 3 main actions to be performed, the initialization of itself, the
read and the write operation. The initialization is defined by the following Figure 3.11.
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Figure 3.11: DDR?2 initialization [46].

For the initialization of the DDR2, the initialization command must be issued in
the falling edge of clk0 (1). After a certain number of clocks, the signal “init_done” is
high (2), which means the initialization was done successfully (3). Next in the Figure
3.12 is presented the write operation.
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Figure 3.12: DDR2 write operation [46]

The write operation starts when the write command is asserted in the rising edge
of the clk90 signal together with the first address (1). The command is acknowledged in
the falling edge of the next clock (2). After that, the user must introduce 32 bits of data,
in each rising edge of clk90, to be written in the DDR2 (3). 3 clocks after the command
acknowledge, the next address must be provided (4). After writing all the words, the
“burst_done” signal is asserted for 2 clocks, signalling the end of the operation (5). The
command buffer is then cleaned after the first burst done (6). A certain number of
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clocks later, the user command acknowledge is set to low, telling the user that another
command can be introduced (7).

Next in Figure 3.13 is presented the read operation. The read operation also
operates in the falling edge of the clk0. The read command is asserted together with the
address (1). 3 clocks after the acknowledge (3) the next address can be set. After the
read latency (4), the “user_data_valid” signal is asserted, meaning the data is available
to be accessed from the given addresses (5). A word is ready for clock, and the
“burst_done” signal is asserted for 2 clocks after the data was signalled as available to
be accessed (6). 1 clock after the “burst_ done” signal assertation, the
“user_command_register” is cleared (7), which means another command can be given,
and some clocks later the “user_command_ack” is set low (8), signalling the end of the
read operation.
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Figure 3.13: DDR2 read operation [46]

The DDR2 memory is used in this validation platform to store images and data about the
images. The memory was divided in two areas, one to save the image to be processed or the
processed image, and the other area to save data. All the implemented image processing
algorithms use the image area; however, just one these algorithms use the data area, to save a
matrix with image features. The developed validation platform supports the processing of
images with dimensions of 640x480, which means the DDR2 must provide 307200 addresses
(represented by 19 bits) in order to store the image, since it stores each pixel at a 32-bit position.
The matrix with the image features has a dimension of 256x256, which demands the DDR2 to
have 65536 addresses (represented by 16 bits) where the matrix can be stored. Summing the 2
values, the DDR2 must have 372736 memory positions (represented by 19 bits). The DDR2
itself use up to 25 bits to represent memory positions, so the storage of both the matrix and the
image can be done.
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It is also required to ensure that the storage of the image and the matrix do not override
each other, which means, a boundary between them is needed. This is achieved by dividing the
DDR2 into 2 sets of addresses, one to store the image and another to store the matrix. Since the
image only needs up to 19 bits to be stored, the address for the storing the image starts at 0 and
ends up in 16777215 (0111111111111111111111111 in binary or FFFFFF in hexadecimal).
The remaining of the addresses are then reserved to the storage of the matrix, which starts at 16
777216 (1000000000000000000000000 in binary or 1000000 in hexadecimal) and ends in
33554431. Since each set of addresses can address up to millions and the image and the matrix
only need hundreds of thousands addresses, there is space to have them in the address sets.

The DDR2 interface generation comes up with the discussed options of reading and
writing in it. The fact of the amount of memory it has available meets the needs of the
validation platform, storing the image and the matrix with the image features without filling up
entirely the memory, leaves free space to be used for other algorithms. The requests of reading
and writing are documented, but the DDR2 interface module does not perform any kind of
control over them, it just executes the requested commands. So, it is needed a module to ensure
that the commands are issued correctly. This module is called “Imig”.

3.4.2 Memory Interface Controller Module

The memory interface controller, named “Imig”, is the module that ensures that the init,

read and write operations are performed correctly in the DDR2, as described in Figures 3.11,
3.12, and 3.13. The module implements 5 parallel processes, described in Table 3.3:
Table 3.3 Parallel processes in Imig module and their description.

Process Description

Init Ram Inits the DDR2.

Write Ram Write 128 bits in the DDR2 in the given
address.

Fill Write buffer Fill the buffer to be written in the DDR2.

Read Ram Read 128 bits of the DDR2 in the given
address.

Fill Read buffer Fill the buffer with the information read from
the DDR2.

In Figure 3.14 there is the statechart of the Imig module. The first process in Table 3.4 is
the Init Ram, which goes to the initial state “Initldle” when the initial reset occurs. This process
as the goal to signal the Init command to the DDR2 interface, to initialize it. If the DDR2 was
not initialized yet, the state shifts to “SetInitCmd”. If it was, the state goes to “InitDone”. The
state “SetInitCmd” sets the init command and the next state “ClearInitCmd” clears it. Finally,
the state shifts to “InitDone” when the initialization of the DDR2 was successful. After
initialization, the DDR?2 is ready to accept write and read commands.
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Figure 3.14 : Imig statechart.

The second process in this module is the Write Ram process. This process ensures that a
write operation in the DDR2 is executed. When the reset is done, the state shifts to
“WriteRamldle”. When a write request is signalled to this module, if the DDR2 was already
initialized and no other command is being executed and the DDR2 was refreshed, the state
shifts to “IssueWriteCmd”. The refresh is the process of periodically reading information from
an area of the memory and immediately rewriting that same information in the same area
without any modification. If the previous conditions meet, the write operation is accepted by the
DDR2, with a certain address. Once the DDR2 acknowledges the write command, the state
shifts to “WriteClk1” and from “WriteClk1” to “WriteClk2”. These two states are just 2 clocks
the Imig module must wait for the DDR2 to end the writing of the 128 bits or 64 bits per clock.
The next states are “WriteDonel” and “WriteDone2. In these 2 states, the burst done command
is set high and the write command is set low. The burst done command is used to signal the
ending of the operation. The burst done then signals the end of the write command, and it needs
to be set high for 2 clocks. The next state is “WriteEnd” and is reached when the write request
made is not being signalled anymore. This state also signals that the writing operation is no

longer happening and another operation can be made. It shifts then to state “WriteRamlIdle”.
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The third process is called Fill Write Buffer. This process is used to fill the buffer with
data to be written. When the initial reset is done the state is “WriteDataldle”. When the write
command acknowledge is high, the state shifts to “WriteDatalLo” state, which fills the 64-bit
buffer to be sent to the DDR2 with the 64 less significant bits of the 128 bits message. The state
then shifts to “WriteDataHi”, which then fills the buffer with the 64 most significant bits. The
actual writing of the data is made in the previous process (Write Ram). The next state is
“WriteDataEnd”. This state waits for the write request ends, and then it shifts back to
“WriteDataldle”.

The fourth process is called Read Ram, and, as the name states, it has the job to control
the read request operation and ensure it is performed correctly. After the initial reset, the state
reached is “ReadRamldle”. When a read request is signalled, the DDR2 has already been
initialized, if there is no other command signalled, and the DDR2 is refreshed, the state shifts to
“IssueReadCmd” and the read operation starts. The read request to the DDR2 is made and it is
signalled that the read operation is being done. The next state is “ReadClk1”, which is achieved
by being in the previous state and the read command acknowledge being signalled by the
DDR2. Like the Write Ram process, the next state is “ReadClk2”. After getting them, the 2 next
states are “ReadDonel” and “ReadDone2”, where the burst done is high to signal the end of the
read operation. Then the state switch to “ReadEnd”. This state only shifts to “ReadRamldle”
when Control Imig set the read request to low and the state is synced with the state that uses the
read buffer. When the buffer connected to Controlimig has all the 128 bits stored, it signals that
to this state, and after that a new read request can be made without the problem of losing
information in the process.

Finally, the last process of this module is the Fill Read buffer process. Analogous to the
Fill Write Buffer, it fills a buffer with the 128 bits read from the DDR2 given a specific address.
When the initial reset happens, the state shifts to “ReadDataldle”. If the read operation is
happening and the information is ready to be read (is valid, signalled by the DDR2), the last
significant 64 bits are stored in the read buffer to be sent to Controllmig. The state also shifts to
“ReadDatalLo”. Now the state goes to “ReadDataHi” and the next 64 bits read are stored in the
64 most significant bits of the buffer. When DDR2 signals that data is no longer valid to be
read, the state goes back to “ReadDataldle” and syncs with the “ReadEnd” state from Read Ram
process, so there is not loss of information and a new read request can be made again.

The next sub-section presents the communication between computer and the FPGA,
which is made through the UART module.

3.4.3 UART modules

The UART (Universal Asynchronous Receiver-Transmitter) is used for asynchronous
serial communication. It sends bytes over a single wire. Because it is asynchronous, it is not
controlled by a clock. Can operate in Half-Duplex, which means there at two transmitters
sharing a line, or Full-Duplex (two transmitters having their own line). It has several parameters
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that can be set by the user, such as the baud rate, number of data bits, parity bits, stop bits and
flow control. The baud rate is the rate which the serial data is transmitted in bits per second. The
number of data bits is the number of bits to be transmitted. The parity bit can be appended to the
data; it is used for error detection. The number of stop bits, which signals the end of operation,
can be configured. Flow control is the process of managing the rate of data transmission
between two nodes in order to prevent the drowning of a slow receiver by a fast transmitter. All
these parameters are configured in the serial terminal program Realterm.

In the developed validation platform, both the computer and the FPGA use UART
modules to interact. The FPGA samples the line continuously, and once the line transits from
high to low, it means the data is coming from the computer. The first transition indicates the
start bit, in a falling edge, and once it is detected, the FPGA must wait for one half of a bit
period, which is specified by the baud rate. This ensures the sampling of the middle of the data
bit, so no data bits should escape the sampling. The FPGA is sampling until the stop bit is
found.

In order to have the UART modules to work properly, the same configurations must be
set in the computer serial terminal program (Realterm) and in the FPGA.

3.4.3.1 FPGA UART configuration

The UART must be configured with certain parameters has previously described, as baud
rate, number of data bits and more. The baud rate is configured in Realterm, and so it is
configured the same value here, 921600. It is also needed to configure the generic clocks per bit
= (Frequency of internal Clock)/ (Frequency of UART). The generic clocks per bit syncs the
UART with the other modules that share DDR2’s clock, so the sampling of the line can be done
properly by the FPGA. Since the clock used is the clock of the DDR2 (125MH2Z) is the internal
clock, and the frequency of the UART is 921600 (the baud rate), the Generic clock configured
in the UART receiver and transmitter is 136. The configured value is the generic clocks per bit
and is 136.

The FPGA UART module was divided in 2, the UART receiver, which handles the
transfer of data form the PC to the FPGA and the UART transmitter, which handles the
communication in the opposite way. The next sub section discusses the UART receiver
implementation.

3.4.3.2 UART receiver

The UART receiver module receives each byte of the image and make it available to the
FPGA. One of the main requirements for the UART receiver is to receive the entire image with
the fastest baud rate possible, so the processing operation can also be faster. In Figure 3.15 is a
statechart of the UART receiver behaviour.
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Figure 3.15: UART receiver statechart.

To summarize, the UART receiver stays in its initial state if hasn’t detected the start bit.
When it does, the initial state shifts to state “FallingEdgeStartBit”. In this state, the FPGA waits
for one half of a bit period, which depends on the baud rate chosen. This verification ensures
that the middle of the data bit gets sampled. After this sample, the state changes to
“SampleAllData”. In this state, the FPGA wait for one-bit period (to ensure it received all the
information), that depends on the baud rate, and then samples the 8 bits of data. When it is done,
the state shifts to “WaitStopBit”. This means that the FPGA will wait for the stop bit to show
up, signalling that all the data was sampled, and the operation has ended. It stays in
“ReceivedStopBit” state to ensure stop bit has ended. The next state shift is to state “Cleanup”
where the states and signals used are reset. After that, the state shifts to the initial state, allowing
new data to be sampled.

As stated in section 3.2, the user interface used for the UART is the Realterm. It has the
options to set the baud rate, set the display format of the information that is being sent or
received and allows to send all the information of a file trough the UART to the FPGA. And
that’s exactly what is being done, all the information of the 640x480 image, which is saved in a
file, is sent through the UART.

Although this implementation allows the FPGA to receive data, it is not quite
compatible with the amount of data the DDR2 allows to be written, since this module allows
receiving 8 bits at a time and the DDR2 allows writing and reading 128 bits. To optimize this
process, a new component, UART receiver aux 128 bits, was built. Its implementation is
described in the next sub section.

3.4.3.3 UART receiver aux 128 bits

Since the DDR2 interface, as described above, writes data in bursts of 128 bits, it is
required to have a module that get this amount of information and sends it to the DDR2. The
module that does this is the UART receiver aux 128 bits. It is constantly waiting for the UART
receiver to send 8 bits until it has a 128 bits buffer full. After this, it sends the information to be
written in the DDR2 and keep waiting for more. In Figure 3.16 is the respective statechart of
this module.
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Figure 3.16: UART receiver aux 128 bits state chart.

The statechart shifts to state “8bits” when reset is triggered. Any time UART receives a
byte (UartRxDone), the state shifts. The “8bits” state shifts to the “16bits”, the “16bits” state to
the “24bits” and so on. As the name of the states indicate, the “8bits” state means the first 8 bits
were stored in the 128bits buffer, the “16bits” state means that we have already stored 16 bits
and so on. This goes on until the “128bits” state is reached, that means the buffer is full and the
information can be sent to the DDR2. So, the “128bits” state shifts to the “ResetCounters” state,
and as the name states, it resets the counters needed to have this module prepared to receive
another 128 bits from the UART receiver.

The next sub section explains the implementation of the UART transmitter, which is like
the implementation described so far.

3.4.3.4 UART transmitter

The UART transmitter module has the goal of sending the processed image and/or their
features from the FPGA to the PC. Its behaviour is analogous to UART receiver, having a start
bit to signal the beginning of the transmission of 8bits and a stop bit signalling the end. In
Figure 3.17 can be found its statechart.
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Figure 3.17: UART transmitter statechart.

The UART transmitter stays in its initial state if it has not been commanded to start.
When it is, the initial state shifts to state “FallingEdgeStartBit”. In this state, the FPGA sets the
transmission line (TX) to zero to send the start bit. After, the state changes to “SendAllData”,
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where the FPGA sends the 8 bits with a frequency that depends on the baud rate. When it’s
done, the state shifts to “SendStopBit”. The FPGA will wait for the stop bit to be sent, and the
operation has ended. The next state shift is to state “Cleanup” where the states and signals used
are reset. After that, the state shifts to the initial state, allowing new data to be sent.

As described, the UART transmitter behaves like UART receiver. The main goal here is
to send the new processed image to the PC via Realterm.

Although this implementation allows the FPGA to transmit data, it is not suited with the
amount of data the DDR2 allows to be read, since this module allows sending 8 bits at a time
and the DDR2 allows reading 128 bits. To optimize this process, a new component, UART
transmitter aux 128 bits, was built. Its implementation is described in the sub section 3.4.5.3.6.

3.4.3.5 UART transmitter aux 128 bits

Since the information to be processed is stored in the DDR2, read, processed and stored
again in it we need an auxiliary module to send this information the UART transmitter. We
cannot send to the UART transmitter directly because the DDR2 gives 128 bits of information
and the UART transmitter only accepts 8 bits per clock. So, the UART transmitter aux 128 bits
module connects these two by storing 128 bits of information and send 8 bits at a time to the
UART transmitter. In Figure 3.18 is the respective state chart of this module.
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Figure 3.18: UART transmitter aux 128 bits state chart.
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The initial state is the state where the module is prepared to receive requests to transmit.
This state is called “Idle”. It expects request because it should only send information when it is
ready, and since all modules are controlled by the module Controllmig it is going to be
controlled by it as well. When Controllmig sends a request, the state shifts to state “SendUart”
and it is sent an acknowledge to Controlimig signalling that the request has been accepted. This
state has a sub state machine associated with it, since it needs to send 8 bits at a time to the
UART transmitter. The first state of this sub state machine is called “BuildData” and is reached
when reset is on. This sub state machine is triggered whenever the “SendUart” state is reached,
making it go through sub state “8bits” to “128bits” state, and ending in the “BuildData” state.
The analogue behaviour is found in the UART aux receiver 128 bits module.

Whenever the UART transmits 8 bits, the state shifts to “WaitUartFinish”, where it
requests the UART transmitter to not transmit anymore until a new request is made. The state
shifts to “128BitsTransmitted” when UART transmitter signals it has ended the transmission
operation. In this state it is evaluated if the 128bits were transmitted or not. If not, the state
shifts back to state “SendUart” in order to keep sending another 8 bits till it reaches the 128bits
sent. If yes, the state shifts to “Idle” when Controllmig is not making any request to this
module. Essentially this flow is repeated each time the Controllmig makes a request.

In the next sub section, the module that controls the general flow of the validation
platform is presented, the Main controller module.

3.4.4 Main controller

The global system, which includes the validation platform and the image processing
algorithms, is composed by several modules, as presented in Figure 3.7. To manage these

modules, a main controller, named here as “Controllmig”, was implemented.

The interaction between the Control Imig and the other modules is mainly supported by a
4-phase handshake protocol. This protocol is not related with message communication, but it is
related with synchronization between the modules. It is a 4-phase handshake protocol that uses
pairs of Request/Acknowledge signals [47]. Using this protocol, the transmitter component
makes a request to another component, setting the Request line. The receiver (other component)
receives the request and sends back an acknowledge (setting the Acknowledge line). When the
acknowledge is received, the transmitter component stops making the request, resetting the
Request. But it waits until the receiver component ends, which is signalled with the
Acknowledge reset. So, this way the components are synched with each other and the
transmitter only makes another request after the receiver ends.

This protocol is used to control/synchronize operations such as read from the DDR2, write,
apply image processing, control how information comes and goes to UART, and more. It has
control over all components and communicates with them by making requests and expecting
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acknowledges to those requests. In Table 3.4 is shown the main actions controller by the
Controllmig flow.
Table 3.4: Main operations controlled by Controllmig.

Name Description

Initialize DDR2 positions Initializes the DDR2 positions value with 0.

Receive image from UART The PC sends and image via UART to the
FPGA.

Write image in DDR2 An image is stored in the DDR2.

Read image from the DDR2 Retrieves an image form the DDR2.

Algorithms Applies the algorithms to the image stored in
the DDR2.

Read data from DDR2 to UART Reads data from the DDR2 and sends it to the
PC via UART.

Controllmig has 3 main processes running simultaneously. It has the Main process, where
all the requests for certain operations are made, the Write process, where all the write operations
are controlled, and the Read process, where all the read operations are controlled.

The first operation controlled by Control Imig is the “Initialize DDR2 positions”. It
consists in initializing the DDR2. The DDR?2 initialization command is issued, but its memory
positions come with a default value different from zero. Since the image and the data are stored
in the DDR2, those positions should to be initialized to zero to ensure data integrity.

The second operation that the Control Imig is responsible for, is “Receive image from
UART”. Having the DDR?2 initialized and with its memory position values cleared, the system
is ready to receive an image. The transmission of the image to the FPGA is made through data
exchange through the UART.

The next operation (“Write image in DDR2”) consists in writing the image data in the
DDR2. Since the DDR2 allows writing a maximum 128 bits in a write operation, 128 bits of
data image are fetched and stored.

Control Imig also controls the “Read image from the DDR2” operation, which fetches
128 bits per read operation from the DDR2. Whenever image data is read, Control Imig
executes the operation “Algorithms”. This operation consists in applying the developed image
processing algorithms and store their result in the DDR2. One of those algorithms, which saves
a matrix in the DDR2, is described in detail on Chapter 4.

The last operation Control Imig performs is to send the stored information in the DDR2
back to the computer. This is achievable trough the UART module.
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3.4.5 Main File

The Main file instantiate all the modules and is responsible to interconnect their inputs and
outputs and the global system inputs and outputs. It is implemented as the top module of the
Xilinx project. The connections between modules could be done via schematic, but since the
quantity of modules and connections are quite big, it was chosen to do it in VHDL. The
connections are made by defining each module with its own port map, which maps signals in an
architecture to ports on an instance within that architecture. To deploy the code to the FPGA,
Xilinx ISE uses the tool Impact to load a .bit file to the FPGA. Since the bit file generated is the
top module file, the file loaded into the FPGA is the main.bit file. The next sub section explains
what the UCF file is and how it relates to the main file.

3.4.6 UCF File

The User Constraints File (UCF) file is dedicated to connecting the inputs and outputs to
the FPGA pins, to constrain clocks, paths, and more. The inputs connected to the board push
buttons were 3, an input to make the initial reset, an input to init the DDR2 and an input to start
the program flow.

The next section provides a detailed description about the application developed in C# to
perform the pre-processing task and to compare the output of the FPGA with the initial input.

3.5 Pre-processing and evaluation application

To get the image ready to be sent from the PC to the FPGA and to evaluate the
extracted features and/or processed images, a C# program was developed in Visual Studio 2017.
The flow of getting the image from the PC into the FPGA goes through some main steps. The
first one is the conversion of the image to its correspondent bitmap (BMP) with 24 bits per RGB
pixel (8 bits per colour), since it has an extension .jpg, .png, or other, which means the data is
compressed and the FPGA cannot decompress it, without specific IP (Intellectual Property)
cores.

The second step is more related to implementation details. The validation platform was
developed to read and write, in each memory access, 128 bits in the DDR2. To make it simple,
the developed platform only saves 4 RGB pixels in each 128 bits (1 RGB pixel in each 32 bits).
So, the C# program includes one byte (the ASCII code of the char “0”) after every 3 bytes of the
image. Nevertheless, this fourth byte is ignored by the image processing algorithms.
Additionally, because the first 54 bytes of the BMP file are the header, not containing image
pixels, they are not copied to the new binary file by the C# program. The file is then closed, and
it is ready to be sent to the FPGA via Realterm. When the processed images and/or their
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features are sent from the FPGA to the Realterm, the Realterm saves them into a file with
extension “txt”.
The developed C# program also supports file comparison. This is useful to compare

images processed in the FPGA-based platform with the images processed in software using the
OpenCV image processing library, enabling the validation of the image processing algorithms
implemented in FPGA.

Additionally, the C# application provides the option to copy image features into a CSV
file, which is referred in this document as “MatrixToCSV”. This option is required to validate
an implemented algorithm that calculates the Gray-Level Co-Occurrence Matrix (GLCM)
[48]of an image. In Figure 3.19 there is the state chart of this C# program.

OptionNotChosed NameNotIntroduced NameNotintroduced

. ChosedOption SourceFileName Namelntroduced TargetFileName Namelntroduced ﬁEvaluateOpliml

Compare SameValue

(Cumpalelmages EvaluateOphDEn FiIesToCompale] Difvalue > -DiﬂerentValues

BMPUart

MatrixCSV|

UartBMP

EvaluateOption OpenfFiles Header WriteHeader PreviousValue

IEndOfMatrix

MatrixToCSV

EvaluateOplion (o cpareFiles CopyHex EndOfMatrix

Figure 3.19: C# program state chart.

The program starts in the initial state, which makes a shift to “Options” state. While an
option is not chosen the state doesn’t shift. If it is, the state can shift to 2 out of 5 states. The
first state is achieved when “Options” shifts to “SourceFileName”, which happens when any
option is chosen. In this state, the user introduces the file name from where it is going to copy or
change its content. When it is introduced, the target filename is requested. So, the state shifts to
“TargetFileName”. When the name is introduced, it shifts to “EvaluateOptions”. This state

allows any option to be executed.

Now there are 4 states to choose from according to the option the user chose. If selected
the option to add the zeros every 3 bytes, the state goes to “BmpToUart”. Here it shifts to
“FindFiles” where the source file and the target file are searched according to the given names
and opened in binary reader (source file) and in normal file mode (target file). If the target file
already exists, it is replaced by a new one with the same name. The state than goes to state
“Add0”, where it is evaluated in a cycle every multiple of 3. After each multiple of 3, a new
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position with the value 0 is introduced. When the end of file (EOF) is reached, the files are
closed the and the state returns to “Options”.

If the user chose the option to convert the received file from the UART to Bmp, the
“Options” state shifts to “UartToBMP”. Here the flow is similar, but the headers must be added
so the original file remains the same. The state shifts to “OpenFiles” and then to “WriteHeader”
to effectively write the headers in the opened file. We also should ignore the zero insertion since
it wasn’t in the initial file in the beginning. The state shifts to “IgnoreOInsertion3 and when the
EOF is reached it shifts back to “CloseFile” to close all the files and after that to “Options”.

Another option available is to compare the 2 images. When the user selects it, the state
shifts from “EvaluateFiles” to “Comparelmages”. Here the 2 files are opened, which makes the
state go to “FilesToCompare”, and then in this state the comparison is made byte to byte. If the
values are different, a counter is incremented and printed in the console. When it terminates, it
switches to “CloseFile” state, and comes back to “Options”.

The final option is to convert matrix to csv. This option makes the state “Options” to
reach “MatrixToCsv”. Here, a CSV file is also opened, besides the source file, and every value
of the matrix (image features) is converted to hexadecimal and copied to the CSV file. The state
shifts to “PrepareFiles” and then to “CopyHex”. When the matrix is all copied the state goes to
“CloseFile” and the file are closed. Finally goes back to “Options”.

The use of the C# program to prepare the image to be sent from the PC to the FPGA and
to evaluate and store in files the image features is really handy and it does not consume FPGA
resources, which allows the FPGA to apply the image processing algorithms without the need to
make extra verifications and changes like the addition of a new position with value O after very
multiple of 3.

The Visual Studio 2017 is the editor chosen to develop the C# application. It also allows
the use of the Emgu CV framework, which grants the project image processing functions from
OpenCV to be called in the project. Emgu CV is a cross platform .NET wrapper for the
OpenCV image processing library. The wrapper is compiled by other programs, which allows
calling OpenCV functions from languages compatible to .Net, like C#. A snapshot is displayed
in Figure 3.20.

55



Figure 3.20: Visual Studio 2017.
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4 GLCM algorithm module

4.1 Introduction

During this work, it was developed an FPGA-based image processing system that
generates the Gray-Level Co-Occurrence Matrix (GLCM) [48] and calculates a pair of image
features. The GLCM algorithm is a static texture algorithm, for image classification, that is used
to generate the Gray-Level Co-Occurrence Matrix of an image and extract its features, such as
the image contrast and energy.

In this image processing system, the algorithms were specified in VHDL and
implemented in the validation platform presented in Chapter 3. This system structure and
behavior are described in the current chapter. This image processing algorithm starts after the
image has been received through the UART module and saved in the DDR2. The algorithm
performs a set of tasks, but the task implemented in hardware are summarized in Table 4.1. The
grayscale algorithm is applied to the image to get the different grey tones it has. After that, the
guantization of grey tones is made. This process has a lot of operations to perform that are
computationally heavy. A matrix is made to store the results of these calculations. Next is made
the sum of the matrix with its transpose, so the discrepancy between the discrete values is
minimized. Finally, the contrast and energy are calculated.

Table 4.1: Implemented GLCM algorithm equations.

Name Equation
Grayscale Gray = 0.299xRed + 0.587xGreen + 0.114xBlue
Quantization of grey tones Address = [gray_pixel_x][gray_pixel_y]
Value = Value + 1
Sum the matrix with its transpose Result=M + M T
Contrast Result += [i-j|lj-i|(i,j)/Total
Energy Result += ((j,i)/Total)((j,i)/Total)

The structure of the system that generates the Gray-Level Co-Occurrence Matrix
(GLCM) is described in section 4.2 and its behaviour is described in section 4.4.
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4.2 System structure

The block diagram of the GLCM algorithm module is presented in Figure 4.1. This
module receives 4 pixels at a time and calculates the grayscale of these 4 pixels.

To perform the rest of the operations of the GLCM algorithm, the 4 pixels value are
concatenated. This means the concatenation is made with one-pixel data and the next pixel data,
belonging to the same line. These generates two matrix addresses if x and y are different. The
first is the appending of y to x and a second address with x being appended to y. If x and y are
equal, only one address is generated. This will return to the algorithm module the matrix data.

The sum of the matrix data with its transpose is performed, incrementing twice if the x and y are
equal, once otherwise.

Matrix

Address

Matrix ] Generator
Address X Position

Convert

Y Position

Image Address

Matrix — -

Matrix Data Generator
1 +1/+2 Energy
Matrix Data --

to Gray

Image (4px)

Contrast

Figure 4.1: GLCM Algorithm block diagram.

The result stored in the DDR2 will be the sum of the matrix with its transpose. The
transpose of a matrix is achieved by shifting the columns into lines and lines into columns. So,
in the implementation, every time the column is equal to the line, the value of the matrix is

incremented since it is the same as the original matrix. The other values are just shifted as
stated.
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Next, the image contrast and energy are simultaneously calculated. For each matrix
position, the absolute value, for the difference between x and vy, is calculated. The result is
multiplied by itself and by the value of the position (x,y) of the matrix. The result is then stored
in the contrast register, which will have in the end the accumulated contrast value of the matrix.
For the energy operation, the value in the position (x,y) of the matrix is multiplied by itself and
accumulated in the energy register. The energy is calculated by dividing the square of the
position in the line and column by the total number of the matrix pixels square.

4.3 Convert to Gray module

The Convert to Gray module from Figure 4.1 contains four instances of the module
presented in Figure 4.2. Each instance processes one pixel. This module calculates the weighted
average of the three colour components (Red, Green, and Blue):

Gray = 0.299%xRed + 0.587xGreen + 0.114xBlue

The previous equation is implemented by OpenCV, which rounds the final result. To do it in
VHDL (hardware), the numerator is summed with 512, and the result and the denominator are
multiplied by 1024, obtaining the following equation:

Gray = (Redx306 + Greenx601 + Bluex117 + 512) / 1024

Multipliers were user to perform the multiplications, adders to sum, and shifts to make the
division by 1024 (2710).

R(8 bits)
306
G(8 bits)
601
B(8 bits)
117

18bits

15bNS
Gray (8 bits)

512 EEEE)

Figure 4.2: Grayscale module.
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4.4 System behaviour

The behaviour of the GLCM algorithm module is represented in Figure 4.3 by an UML
Activity Diagram. This module implements the main controller (“Controllmig™), described in
subsection 3.4.4, extended for the GLCM algorithm.

For the GLCM algorithm to be applied, the system waits for the command Start
algorithm. When the command is received, the matrix positions in the DDR2 need to be clear.
To ensure data integrity all positions will have zero as value. The same operation is not
performed for the image address subset because the image that is going to be received will
overwrite the previous values.

The system is now ready to receive an image. The image is transferred from the
computer to the FPGA via UART and stored in the reserved address subset from the DDR2.
After that, 4 pixels are read and the GLCM algorithm starts to be executed with the application
of the convert to gray algorithm. Then, if the pixels belong to a new line, this cycle will happen
3 times, with 3 concatenated values (Pixell & Pixel2, Pixel2 & Pixel3, and Pixel 3 & Pixel4),
four otherwise (also with value Pixel0 & Pixell). These values are used to build the matrix
addresses (x & y) from where the matrix data is going to be read.

After reading the first matrix data, if the values x and y, used to build the address, are
equal, the matrix data is incremented twice, else one time. These increments are needed in order
to calculate the sum between the matrix and its transpose. After these increments, it is requested
to write that value in the DDR2 in the same position it was read from.

The next condition to be verified is if the x and y are different. If yes, the address is
built using x and y in the inverted order. The second matrix data is read, incremented once and
stored in the DDR2. After that, an evaluation is made to confirm if all the cycles were
processed.

If all cycles were not processed, the next two addresses are built. Otherwise, the fourth
pixel is saved for the next address building (Pixel0 & Pixell). If there are unprocessed pixels,
the system will return to read the next 4 pixels. When all pixels are processed, the matrix is
ready, and the energy and contrast can be calculated in parallel. To do it, the first position of the
matrix is read, energy and contrast values are calculated and saved in the registers. It if is not
the end of the matrix, the program returns to read the next matrix position. If it is the end, it
terminates.
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Figure 4.3: GLCM module activity diagram.
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5 DS-Pnets and IOPT Flow in image processing

5.1 Introduction

This section proposes a set of image processing modules/components developed in IOPT-
Flow. These modules were specified in DS-Pnets, a graphical and intuitive modelling formalism
that combines Petri nets and dataflows.

The DS-Pnet models, created with the IOPT-Flow editor, can be validated with the IOPT-
Flow simulation tools, and translated into VHDL code, using the IOPT-Flow automatic code
generators. The proposed models were used to create a library folder for image processing in the
IOPT-Flow framework, available online at http://gres.uninova.pt/iopt-flow/. The next sections
present the developed modules using the IOPT-Flow tools in order to validate the use of the
image processing platform for image processing

5.2 Green channel and Red channel

The red channel and green channel are algorithms that force the output to be the value of
one colour. For the red channel, the output will be the colour red, for the green channel colour
green. The DS-Pnets models of these modules are presented in Figures 5.1 and 5.2, respectively.
Figure 5.2 presents the IOPT-Flow editor with the model in the centre, the icons area at the left,
the properties area at the right, and the expression window at the bottom. In the expression
window is presented the expression of the DS-Pnet operation, where the output is equal to the
Green input.

Figure 5.1: Red channel component.
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Figure 5.2: Green channel component in the IOPT-Flow editor.

In order to validate components behaviour, the IOPT-Flow tools provide a simulation tool. This
simulation takes the green channel component (as an example) and accepts dynamic inputs. It
also has the possibility of running individual steps or a continuous run. Individual steps can be
used to return to the previous system state or to the next, which eases debug. A simulation step
of the green channel component using the I0PT-Flow tools is presented in Figure 5.3. Like
Xilinx ISE simulation tool, IOPT-Flow simulator also provides a timing diagram, as displayed
in Figure 5.4.

Model: GreenChannel

50 50
_____ > =--»@
ﬂ‘ it

Green = 122

Figure 5.3: Green channel simulation.
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Figure 5.4: Green channel timing diagram.

The IOPT-Flow tools automatically generate VHDL code from the developed DS-Pnet
model. For the green channel, the generated code is displayed in Figure 5.5. Some generated
code is omitted. The presented VHDL code include the entity port with the component inputs
and outputs and the process that makes the result equal to the green.
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1 —-- code omitted...

2 HEntity GreenChannel Is

3 2Port(

4 PF Clk: IN STD LOGIC;

5 PF Rst: IN STD LOGIC;

6 PF Enb: IN STD LOGIC;

8 Blue: IN INTEGER RANGE TO ;

£ Green: IN THNTEGER RANGE TO ;

10 Red: IN INTEGER RANGE TO ;

11 Result: OUT INTEGER RANGE TO

12 1)

13 'End GreenChannel;

14

15 oDArchitecture Structural 0Of GreenChannel Is
16 —-- code omitted...

1/ =Begin

18 —— code omitted...

19 o ExecProc: Process(PF Clk,sPF Rst,sPF Enb,s Blue,s Green,s Red
20 Begin
21 o If sPF Rst = 'l' Then
A 5 Result <= 0;
23 © ElsIf sPF Enb = 'l' Then
24 3 0005 out <= 3 Green;
25 3 Result <= 3 0005 out;
26 End If;
P End Process;
28 —-- code omitted...
29 'End Structural;

Figure 5.5: Green channel generated VHDL code.
5.3 Negative

The negative algorithm receives, as an input, a pixel value and a reference. The
subtraction between each component of the pixel and the reference is made, ensuring the result
is positive. If the reference if higher than the pixel component, the subtraction is made using the
reference as the first operand; the pixel component otherwise. The implemented module in the
IOPT-Flow tools is presented in Figure 5.6.
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REF - BLUE WHEN (REF > BLUE)
BLUE - REF OTHERWISE

Figure 5.6: Negative module.

5.4 Bright and contrast

The bright and contrast algorithm consists in applying contrast and consequently bright to
a given pixel. The pixel components are multiplied by a contrast value, followed by a sum of
the bright value. After these operations, if a low reference and a high reference are provided, to
ensure if the result surpasses one of the limits described, it stays with the reference value. Figure
5.7 displays the bright and contrast module.
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Figure 5.7: Bright and contrast module.

5.5 Simple grayscale

This grayscale module consists in getting the pixel components and calculate the average
value of them. As it is not possible to make a division by 3, only by a multiple of 2, the
following equation was implemented:

OUT = ( (Red+Green+Blue) x 683 + 1024) / 2048

The DS-Pnet model is displayed in Figure 5.8.

Figure 5.8: Simple Grayscale module.

5.6 Weighted grayscale

As described in section 4.3, the weighted grayscale algorithm consists in multiplying the
red, green and blue components by constants, adding 512 and divide that result by 1024:

Gray = (Redx306 + Greenx601 + Bluex117 + 512) / 1024

The implemented module is represented in Figure 5.9.
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Figure 5.9: Weighted Grayscale module.

5.7 Binarization

The binarization module compares the colour input with a reference value. If the input is
above the reference, the output will be the white colour (255), otherwise it will be black (0). The
implemented module is displayed in Figure 5.10.

Figure 5.10: Binarization module.

5.8 Four weighted grayscales

The next component contains four instances of the weighted grayscale module, which
means the grayscale is calculated for four pixels instead of one. It is presented in Figure 5.11.
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Figure 5.11: Four weighted grayscales module.

5.9 Four Weighted grayscale with register

The four weighted grayscales with register component are displayed in Figure 5.12. This
component implements the grayscale algorithm for 4 pixels, and it has a load input. When this
input is asserted, the values calculated are stored in 4 registers, which display the value in the
output. When load is not asserted, the grayscale can be used to calculate new values, but the
output will not change.
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Figure 5.12: Four weighted grayscale with register module.

5.10 Horizontal projection

The horizontal projection counts the pixel intensity in a line and accumulates that result
(the number of white pixels) for every line of the image. In the end, it is available the pixel
intensity for each line of the image. In IOPT-Flow, this algorithm was implemented as
displayed in Figure 5.13.
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Figure 5.13: Horizontal projection component.

There are 4 weighted grayscale components. Each of these components receive 1 pixel,
and the weighted grayscale algorithm is applied. The result is binarized, with a threshold input.
The output of the binarization module is then compared with the constant value of 255. If it is
equal, the output will be white, and it is taken as an input in the sum module, to be counted.

The sum module (“0003”) has 6 inputs, the 4 outputs of the 4 binarization modules, an
input called available, and the input “0061” that receives the previous value of operation “0061”
(represented in the expression by “0061[-1]”). The available input controls if the sum module
adds the previous “0061”value with the sum of the 4 outputs from the binarization modules, or
not. The first situation happens when the line of the image has not ended and the second
situation when it’s the end of a line. When available is set, the second situation happens.

For the available input to be set, a few conditions must be met. There is a counter
(“0002”) to count until reaches the maximum image size divided by 4 (for example if the image
size is 1920, it counts until 480), when the load input is active. This means a full line has been
read. When this happens, the available input is set. The sum module outputs the added values.

The accumulated module (“0061”) can store values until 1920, which uses more than 8
bits, so the output must be divided into 2, 8 bits, outputs. To get the lower 8 bits of the “0061”
output, the MOD operation is used. To get the higher part of the number, “0061” output shifted
to the right 8 times, using the operation “0077” that divides the output by 256.

The horizontal projection module has two outputs that represent an output value with a
maximum value of 1920. This value is updated in the operations “0008” and “0016” when the
end of line is reached. The available output signals the value update.
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5.11 Closing remarks

It is important to note that the VHDL code automatically generated by the IOPT-Flow
tools synchronizes all inputs and outputs with the rising edge of the clock. To make the
generated codeto not be clock dependent, the code must be manually changed to remove the
mentioned synchronizations.

The ability to simulate models in the IOPT-Flow tools simplifies the model creation. If
the IOPT-Flow simulation tool was not presented, the generated code of the component had to
be included, for example in a project in Xilinx, and then simulated there, which would lead to a
slower development of the module.

The possibility to design DS-Pnet models, create the associated components, and
instantiate then in other DS-Pnet models, makes development easier. For the example, to build
the horizontal projection model, other models were instantiated/used. This makes the DS-Pnets
very scalable.

The developed IOPT-Flow modules were described in this chapter. In the next chapter it
is presented the validation of these modules.
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6 Validation

6.1 Introduction

This section presents the validation of the Validation framework, GLCM system, and DS-
Pnet modules, presented in chapters 3, 4, and 5. The proposed Validation framework enables the
implementation and tests of the GLCM module and DS-Pnet modules. Each DS-Pnet module
was simulated in the IOPT-Flow simulation tools and in the ISIM (ISE Simulator) from Xilinx
ISE 14.7; however, only the timing diagrams from ISIM are presented here. Both the GLCM
system and DS-Pnet modules were implemented in the FPGA. Equivalent algorithms were also
implemented in software using the OpenCV library. The presented execution times depend not
only on each image processing module but also on the validation frameworks.

The GLCM algorithm implementation mas made in software and hardware. In the
software implementation, it was used OpenCV version 3.3.0 and C++, in the operating system
Linux Ubuntu 18.04. The processor used was an Intel Core i7-8550U, 1,8 GHz and the
computer have 16 GB of RAM memory.

The algorithms presented in chapter 5 that were implemented in hardware using DS-Pnets
and IOPT-Flow, were also implemented in software. For the software implementation, it was
used EmguCV version 2.4.10.1939 and C#, in the operating system Windows 10. The processor
used was an Intel Core i7-4700MQ CPU, 2.4 GHz and the computer have 8 GB of RAM
memory.

To validate the implementations, the same images were used in the software and
hardware tests. To obtain the results presented in this chapter, two images were used. For the
GLCM algorithm Figure 6.1 was used; whereas for the other algorithms Figure 6.2 was used.
The image displayed in Figure 6.1, with dimensions 640x480, was provided by Jodo Pedro
Matos Carvalho, which was also used in the implementation of the GLCM algorithm in
OpenCV. Figure 6.2 is just the first 48 lines from Figure 6.1 (640x48).

75



fat s A T =S

Figure 6.1: Image used for testing with dimensions 640x480.

Figure 6.2: Image used for testing with dimensions 640x48.

6.2 Green channel and Red channel

The red channel algorithm was simulated, and the result is presented in Figure 6.3. Only
60 ns of simulation are displayed. The red channel algorithm puts the value of the red input in
the output, called result, as confirmed in the simulation.
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Figure 6.3: Red channel algorithm simulation.

After the simulation, the algorithm was executed in the validation platform, and took
364 217 clocks, which is approximately 2913.7 microseconds. The same implementation was
made in OpenCV, resulting in a 184 microseconds of execution time. In Figure 6.4 is presented
the result obtained in EmguCV, which is equal to the one obtained in the FPGA.

Flgure 6 4: Red channel algorlthm |mplementat|on in EmguCV

The green channel algorithm also was simulated, and the result is presented in Figure 6.5.
The first 120 ns of simulation are displayed.

After the simulation, the algorithm was executed in the validation platform. It took
364 227 clocks, which is approximately 2914.2 microseconds. The same implementation was
made in EmguCV, resulting in a 183 microseconds of execution time. The result is displayed in
Figure 6.6.
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Figure 6.6: Green channel algorlthm |mplementat|on in EmguCV
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6.3 Negative

The result from the negative algorithm simulation is presented in Figure 6.7. For
presentation, only 60 ns are displayed.

After the simulation, the algorithm was executed in the validation platform, and took
364 232 clocks (approximately 2913.9 microseconds). The same implementation was made in
EmguCV, resulting in a 154.3 microseconds of execution time. The result is presented in Figure
6.8.
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6.4 Bright and contrast

The bright and contrast algorithm was simulated, with the result presented in Figure 6.9.
The first 60 ns of the simulation are displayed. The algorithm applies bright and contrast to the
image, leaving the output, as confirmed in the simulation.

After the simulation, the algorithm was executed in the validation platform, and took
364 209 clocks, which is approximately 2913.7 microseconds. The same implementation was
made in EmguCV, resulting in a 1156.8 microseconds of execution time. The result for contrast
= 2 and bright = 64 is displayed in Figure 6.10.
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Flgure 6. 10 Brlght and contrast algorlthm |mplementat|on in EmguCV.

6.5 Simple grayscale

The simplest version of the grayscale algorithm was simulated, and the first 70 ns are
presented in Figure 6.11. After the simulation, the algorithm was executed in the validation
platform, and took 364 213 clocks, which is approximately 2913.7 microseconds. The
implementation in EmguCV took 496 microseconds and it is displayed in Figure 6.12.
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Figure 6.12: Grayscale S|mpler version algorlthm |mplementat|0n in EmguCV
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6.6 Weighted grayscale

The grayscale optimized algorithm descripted in previous chapters was simulated, and the
result is presented in Figure 6.13. The first 140 ns of simulation are displayed. The algorithm
applies the grayscale algorithm, leaving the output, as confirmed in the simulation.

After the simulation, the algorithm was executed in the validation platform, and took
364 179 clocks, which is approximately 2913.4 microseconds. The implementation in EmguCV
took 478.5 microseconds. The result is displayed in Figure 6.14.
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Flgure 6. 14 Grayscale optlmlzed algorlthm |mplementat|on in EmguCV

6.7 Binarization

The binarization algorithm was also simulated, and the result is presented in Figure 6.15.
Only 120 ns of simulation are displayed. After the simulation, the algorithm was executed in the
validation platform, and took 364 216 clocks, which is approximately 2913.7 microseconds.
The execution time of the software implementation is 688 microseconds. The resulting image is
presented in Figure 6.16.

1& pf_clk_period

Figure 6.15: Binarization algorithm simulation.
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Figure 6.16: Resulting image from the Binarization algorithm.

6.8 Four weighted grayscales

The grayscale optimized algorithm descripted in previous chapters was developed for 4
pixels. The simulation is presented in Figure 6.17. Only 140 ns of simulation are displayed. The
algorithm applies the grayscale algorithm to each pixel.

After the simulation, the algorithm was executed in the validation platform, and took 364
204 clocks, which is approximately 2913.6 microseconds.
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Figure 6.17: Grayscale optimized algorithm for 4 pixels simulation.

6.9 Four weighted grayscales with register

The grayscale algorithm with a register was simulated, being composed by 4 similar
modules, and the result is presented in Figure 6.18. It is displayed 140 ns of simulation. The
algorithm implements the previously descripted grayscale optimized version in earlier chapters
with a register. When the load input is asserted, the outputs will receive the result of the
application of the algorithm, as confirmed in the simulation.

After the simulation, the algorithm was executed in the validation platform, and took
364 205 clocks, which is approximately 2913.6 microseconds.
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Figure 6.18: Grayscale with a register algorithm simulation.

The horizontal projection algorithm was simulated, and the result is presented in Figure
6.19. For the binarization, the threshold used was 127. It was displayed 140 ns of the
simulation. After the simulation, the algorithm was executed in the validation platform, and
took 364 217 clocks, which is approximately 2913.7 microseconds. The execution time of the
software implementation is 739 microseconds. The values obtained per line by both FPGA and
EmguCV are presented in a chart in Figure 6.20 for comparison. In the 48 lines, eleven lines
have different projection discrepancies of 1 value and one line with a discrepancy of 3 values.
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Figure 6.19: Horlzontal projection algorlthm 5|mulat|on.
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6.11 GLCM algorithm execution

Figure 6.20: Horizontal projection algorithm simulation.

The execution time of the GLCM algorithm was measured for the application of the contrast
and the energy algorithms. It starts counting from the moment the image is stored in the DDR2
until it’s processed. In Table 6.1 are displayed the correspondent execution times in both
platforms, FPGA and software.

Table 6.1: GLCM execution time.

Platform Execution Time (seconds)
FPGA 0.27
OpenCV 0.03

The image features extracted from the original image in the validation platform are very similar
to the features extracted in the software implementation. In Table 6.2 is displayed the sum of all
the matrix values obtained by the execution of the GLCM algorithm in OpenCV and in the

FPGA. Were made trials for the full image, with size of 640x480.

Table 6.2: Results obtained from executing the algorithms in the FPGA vs OpenCV.

Full Image (640x480)

Algorithm Implementation in FPGA Implementation in OpenCV
Contrast 451169 734 451179 094
Energy 52432710 52 042 888
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6.12 Results discussion

This section discusses the results obtained in this chapter. The discussion focuses on the
algorithms output and on their execution time. The FPGA implementations are compared with
the same implementation developed in software.

6.12.1 Execution times

In this section, the image processing algorithms’ execution times are compared for the
FPGA and OpenCV implementations. It is important to note that these algorithms’ execution
times depend not only on their modules/functions, but also on the implementation platforms.

Figure 6.21 resumes the results presented in chapter 6 for the execution time. The
algorithms implemented in the FPGA have similar execution times. This is because their
operations are mainly implemented as combinational logic in the hardware, which can execute
the algorithm in a clock period. In the OpenCV implementation, the execution time increases
with the number of operations and on their complexity as presented in Figure 6.21.

FPGA vs OpenCV

OpenCV [microseconds)
3500
3000
2500

Megative  Greenchannel Red channel Weighted Simple Binarization

Figure 6.21: FPGA vs OpenCV execution times.

The presented execution times for the weighted grayscale and the four weighted
grayscales are similar in the FPGA implementation. Since the validation platform is designed to
processed 4 pixels in parallel, when the weighted grayscale is used, it is instantiated four times
in the project; whereas, when the four weighted grayscales module is used, it is only instantiated
one time, which leads to similar implementation codes.

The hardware implementation of the GLCM algorithm is approximately 10 times slower
than the software implementation. In Figure 6.21 a similar result is presented. The algorithms
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execution time tend to be 10 times slower in the hardware implementation. The high execution
time of the hardware implementation is mainly due to the DDR2 memory. The use of the DDR2
slowed the execution time, since it needs several clocks to perform a read/write operation, as
described in section 3.4

The DDR2 has the auto refresh operation, which explains the differences in execution
time between similar image processing algorithms, as presented in Figure 6.21. This justifies
that even several executions of the same algorithm have different execution times.

6.12.2 Outputs

The hardware and software implementations, of the image processing algorithms
presented in chapters 4 and 5, have equal or similar outputs, depending on the implemented
algorithms. There are some minor discrepancies in the algorithms that implement divisions, due
to different rounding. The hardware implementation has less precision. Although it is possible
to increase it, it is not required because the differences in rounding do not cause a negative
impact on the results. The presented algorithms that implement divisions are those that calculate
the grayscale: simple grayscale; weighted grayscale; four weighted grayscales; four weighted
grayscales with register; horizontal projection; and GLCM algorithm. For example, the image
from Figure 6.1 (with 307200 pixels) was processed by both implementations of the weighted
grayscale algorithm. In the resulting images, 5460 were not the equal, which is less than 2%.
Another example is the one presented in section 6.10, where the horizontal projection was
calculated. In this example, the discrepancy was 12 pixels in 30720, which means 0.04%.
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7 Conclusions and future work

The development of an image processing system in hardware is a challenging task.
VHDL is a verbose language that makes the specification in VHDL a laborious and slow task.
Simulations specification, execution, and analysis are also laborious and slow. Synthesis and
design implementation take time. Finally, tests are not fast either.

The use of DS-Pnets and IOPT-Flow tools present several benefits. DS-Pnets have a
higher level of abstraction, when compared to VHDL, which can speed up the specification.
Additionally, they are a graphical formalism, which can make it more intuitive. The IOPT-Flow
interactive token-player simulator tool, makes simulation easier and faster, reducing the
development time. The VHDL automatic code generator avoids manual codification errors. The
integration of the generated VHDL code was relatively simple, since the models were
developed to fit the image processing system.

Additionally, it comes handy when members of development team are not familiar with
VHDL. Compared to HLS, DS-Pnets and IOPT-Flow, should support optimized
implementations in terms of resources and speed.

During this work, the DS-Pnets and the IOPT-Flow tools, were successfully used
develop several image processing systems. The collection of the developed I10OPT-Flow
components is the beginning of an IOPT-Flow library for image processing. DS-Pnets and the
associated tools should be considered to develop FPGA-based image processing systems.

Future extensions for the DS-Pnets and IOPT-Flow tools were identified. Currently, the
VHDL code, automatically generated, is always synchronized by the rising edge of the same
clock. In future, it should be possible to specify synchronizations with different clocks, in the
rising edge and in the falling edge. For example, because the DDR2 interface operates in the
falling edge of the clock, to integrate automatically generated code, it was required to manually
update the edge from rising to falling. Finally, currently the inputs and outputs, of the
automatically generated code, are synchronized with the clock. It should be possible to select if
they are synchronized or not.

It was not possible to verify performance gains, as stated by other authors, in FPGA-
based implementations, when compared to software implementations. This is due to the FPGA-
based platform used during this work. The DDR2 memory available on the board was used to
save images and their features; however, reading and writing operations are slow, which had a
strong impact on the execution time. As future work, it is planned to use an FPGA with a large
BRAM (Block RAM), which allows fast read/write operations.
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From this work resulted one published paper at the time of writing this document. The
paper, with the title “FPGA in image processing”, from the authors Tiago Carrasqueira, Filipe
Moutinho, and Rogério Campos-Rebelo, was published in the proceedings of REC”2019 — XV
Jornadas sobre Sistemas Reconfiguraveis, that took place from 14 tol5 of February 2019 in
Minho University, Guimardes, Portugal [6].
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