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ABSTRACT

Computer manipulation of images is generally defined as digital image
processing (DIP). DIP is used in variety of applications, including video surveillance,
target recognition, and image enhancement. Some of the many algorithms used in
image processing include convolution, edge detection and contrast enhancement.
These are usually implemented in software but may use special purpose hardware for
speed. With advances in the VLSI technology hardware implementation has become
an attractive alternative. Assigning complex computation tasks to hardware and
exploiting the parallelism and pipelining in algorithms yield significant speedup in
running times. The main objective of this project is to develop an image processing
algorithm, 2D convolution. The algorithm is designed and implemented in
synthesizable Verilog HDL. Upon completion of the coding, its functionality and
timing are then verified thoroughly. Subsequently, the performance of the 2D
convolution is analyzed. The designed 2D convolution applies pipeline and parallel
architecture for speedup and real-time applications. The entire design process starts
with architecture definition and design. Once the required modules and
functionalities such as DU and CU are defined, they are then coded and integrated.
Verification is done from bottoms up starting from individual sub-modules. In
addition, the design is further verified with real image pixels and compared the
output pixels with that obtained from software (MATLAB). Altera Quartus 1l
compilation report shows the 2D convolution design acheieves fmax as high as
394MHz using off-chip RAM. The performance is slighly degraded, to about
322MHz with on-chip RAM.
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ABSTRAK

Komputer manipulasi imej secara amnya ditakrifkan sebagai pemprosesan
imej digital (DIP). DIP digunakan dalam pelbagai aplikasi, termasuk pengawasan
video, pengesahan sasaran, dan peningkatan kualiti imej. Banyak algoritma
digunakan dalam pemprosesan imej termasuk convolution, pengesahan pinggir imej
dan peningkatan kontras imej. Biasanya algoritma ini dilaksanakan dalam perisian
(sofware), malah ia juga dilaksanakan dalam perkakasan (hardware) dengan tujuan
untuk mencapai kelajuan dalam perlaksanaan algoritma. Dengan kemajuan dalam
teknologi VLSI, perlaksanaan perkakasan telah menjadi satu alternatif yang amat
menarik. Melaksanakan tugas-tugas pengiraan yang kompleks dalam perkakasan,
dan mengeksploitasi parallelism dan pipeline dalam algoritma memberikan
kecepatan ketara. Objektif utama projek ini adalah untuk membina satu algoritma
pemprosesan imej, iaitu convolution dua-dimensi (2D). Algoritma tersebut telah
direkabentuk dan dilaksanakan dalam bahasa Verilog HDL. Setelah proses rekaan
selesai, fungsinya akan diuji dan prestasiny turut dianalisis. 2D convolution ini
menggunakan pipeline dan seni-bina selari untuk mencapai kecepatan dan real-time
aplikasi. Proses pembangunan bermula dengan definisi seni-bina dan reka-bentuk.
Selepas itu, fungsi dan modul-modul utama seperti DU dan CU akan ditakrifkan dan
direka-bentuk. Kemudian, merekan telah digabungkan untuk membina 2D
convolution. Ujian terhadap rekaan akan dilakukan dari bawah, iaitu bermula dengan
modul asas. Di samping itu, system tersebut juga diuji and disahkan fungsinya
dengan menggunakan piksel imej, seterusnya membandingkan piksel output yang
diperolehi dengan output daripada perisian (MATLAB). Laporan kompilasi daripada
Altera Quartus Il menunjukkan bahawa reka-bentuk 2D convolution ini mencapai
fmax sebanyak 394MHz menggunakan off-chip RAM. Walaubagaimanapun,
prestasinya akan turun kepada 322MHz dengan on-chip RAM.
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CHAPTER 1

INTRODUCTION

This project is about the hardware architecture design of a 2D convolution for
spatial domain filter. The 2D convolution algorithm is implemented on the Field
Programmable Gate Array (FPGA). This chapter gives an overview of the whole
project, starts with a brief introduction to the background, followed by the problem

statement, project objectives, scope of work and report outline.

1.1  Background

Computer manipulation of images is generally defined as digital image
processing (DIP). DIP is gaining widespread popularity nowadays; it is a dynamic
area with applications widely used in our everyday life such as in medicine, space
exploration, surveillance, authentication, automated industry inspection and etc.
Applications such as these involve different processes and algorithms like image

enhancement, noise reduction, feature recognition and edge/object detection.

DIP algorithms require high computation capabilities, especially when
elaborate high resolution images for real-time systems. It is easier to implement such
applications on a generable purpose computer. However, the implementation may
not be very efficient in terms of speed due to the additional constraints put on
memory and other peripheral device management. Usually, application specific

hardware offers much greater speed than a software implementation.



Generally there are two types of technologies available for hardware design.
First is Application Specific Integrated Circuit (ASIC), it is a full custom hardware
design technique. Second is the semi-custom hardware device, which is also known
as programmable device that includes Field Programmable Gate Array (FPGA) and

Digital Signal Processor (DSP).

High performance can be achieved via full custom ASIC design. On the other
hand, the complexity and the cost associated with the full custom hardware design
are very high. The ASIC design is lack of flexibility in terms of design change and
modification; time taken to design the hardware is also very high. In addition, if an
error exist in the ASIC design, the product becomes useless once the design is
fabricated. Therefore, ASIC design is normally used in high volume commercial
application after the design is confirmed with its functionality and performance via
FPGA prototype.

FPGA is programmable device. It is also known as reconfigurable device.
Reconfigurable device is a processor used to program a design; and the design has
the flexibility to change and modify anytime by reprogramming the device. Besides
that, parallelism and pipelining hardware design techniques can be developed on an
FPGA, which is not possible in dedicated DSP designs. Therefore FPGAs are ideal

choice for implementation of real-time image processing algorithms.

Traditionally, hardware engineers use a Hardware Design Language (HDL)
to configure the FPGA devices. The two primary languages include Verilog and
VHDL. Verilog and VHDL are specialized design techniques that are not
immediately accessible to software engineers, who have often been trained using
imperative programming languages. Consequently, there are several efforts to
translate and convert the algorithmic oriented programming languages directly into

hardware descriptions over the past few years.

Classically, image processing algorithms are implemented on software.

Advancement in the VLSI technology has made the hardware implementation to



become an attractive alternative. Complex computation tasks are assigned to
hardware, and these allow the parallelism and pipelining design techniques to be
developed in algorithms. All these yield significant speedup in running times.
Generally, image processing algorithms are implemented on reconfigurable hardware
to allow faster time-to-market, minimize the time-to-market cost, enable design
flexibility and rapid prototyping of complex algorithms, and simplify debugging and

verification works.

1.2 Motivation and Problem Statement

It is hard to enumerate aspects of electrical engineering where filtering is
employed. Examples of filtering operations include noise suppression, enhancement
of selected frequency range, bandwidth limiting, etc. Analog filters suffer from
sensitivity to noise, nonlinearities, dynamic range limitations, inaccuracies due to
variations in component values, lack of flexibility and imperfect repeatability.
Consequently, digital filters (and FIR filters - convolers) are getting more and more
attractive. The major drawback of digital filters is high computational requirements,
especially for high frequency signals. Real-time image processing is an example of
such a system. This project concentrates on image convolution (two-dimensional FIR
filtering); however similar conclusions can be drawn for one-dimensional filters,

matrix multiplication, or partially on artificial neural networks, etc.

The 2D convolution performance requirement in a DIP system is very crucial
because it is the key building block for real-time system applications. DIP algorithms
require high computation capability especially when elaborate high resolution
images. Some applications even require more than 300 million multiplications and
additions per second [1]. Therefore, 2D convolution system needs to operate in high
frequency. However in most designs, multiplier operating frequency becomes the
bottleneck. In addition, multiplies is also very costly in term of resource utilization.

Besides that, in order to support real-time system, 2D convolution also requires an



effective memory access algorithm so that all neighborhood pixels can be accessed

within one clock cycle.

1.3 Objectives

The objective of this project is to design hardware architecture of an image
processing algorithm, 2D convolution for Gaussian filter in spatial domain. The 2D
convolution algorithm is implemented on FPGA using Verilog HDL. This project
designs an architecture that can perform fast computation and multiplication. The
design assigns complex computation tasks to the hardware and exploiting the
parallelism and pipelining in algorithm yield significant performance and speedup in
execution times. Besides that, an efficient algorithm is implemented to access the
entire neighborhood pixels defined by the convolution kernel within one clock cycle
for real-time applications. In the project, several design options and architectures are

explored for performance trade-off analysis.

1.4  Scope of Work

In this project, a 2D convolution algorithm is implemented on the Altera
FPGA, using Altera Quartus Il as a compiler and simulator. The 2D convolution
hardware architecture has high performance and speedup, so that it is able to
generate the outputs real-time. The design will be accomplished using Verilog HDL.

A pipelined architecture is proposed to produce the output on every clock cycle.

MATLAB is used to produce a software version of the algorithm. The design
functionality and timing are verified thoroughly by performing the simulation with
the real input image pixels, and comparing the FPGA outputs with the software
version output from MATLAB. Lastly, the performance of the 2D convolution

design is characterized via the performance measures.



15  Report Outline

The report is organized into 7 chapters namely the introduction, literature
review and theory, methodology and design tool, 1D convolution modeling and
design, 2D convolution modeling and design, design verification and performance

analysis, and lastly the conclusion and future work.

Chapter 1 gives an overview of the project. It starts with a brief introduction
to the background, followed by the problem statement, project objectives, scope of

work and report outline.

Chapter 2 gives an overview on the prior work and literature review. Next, it
introduces the theory of window operator and 2D convolution algorithm

implemented in digital image processing.

Chapter 3 describes design methodology, implementation plan and design
tools that used to develop and realize the 2D convolution hardware architecture on
FPGA. This chapter presents the complete convoler design approach and

implementation flow.

Chapter 4 discusses the 1D convolution modeling and design implementation.
Different architectures have been explored for performance and architecture trade-
off. Next, this chapter presents the 1D convolution design optimization and
performance analysis, which is then used as the benchmark and guideline to

determine the computation block (CB) architecture for 2D convolution design.

Chapter 5 is the core chapter for this project report which discusses the 2D
convolution architecture and design implementation. This chapter starts with the 2D
convolution design specifications and constraints. Next, this chapter presents the 2D

convolution design, and the detailed implementation of every sub-module.



Chapter 6 presents the timing simulation diagrams of 1D and 2D convolution
designs. In addition, this chapter also discusses the 2D convolution system design
verification methodology and the results. The correctness of 2D convolution design
and its sub-modules are verified and validated via Altera Quartus Il timing
simulations. Next, the entire 2D convolution system is further verified with real
image pixels using MATLAB and ModelSim-Altera tools. Simulation waveforms,

testbench and design performance analysis are presented in this chapter as well.

Lastly, Chapter 7 concludes the 2D convolution system design and proposes

the future works for further improvement and enhancement of the project.
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