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ABSTRACT

Implementation and verification of algorithms such as image processing
algorithms via deploying into field programmable gate arrays can be time consuming
and involves a lot of technical complexities. Modern digital systems are expanding
in terms of size and design complexity which becomes even more complicated due
to task division between hardware and software as well as design and verification
teams. Therefore this project proposes to model image processing algorithm such
as human skin detection algorithm for hardware-software co-simulation. The skin
detection algorithm was first designed as pure software followed by software profiling
process to identify the compute-intensive modules. This was followed by the design of
hardware accelerators for the compute-intensive modules and hardware-software co-
simulation of the whole system.The hardware which is designed using System Verilog
and the software which is in ¢ programming language communicate through direct
programming interface(DPI-C), MATLAB is used as the golden reference model
to verify the hardware-software co-simulation. The co-simulation and verification
process is automated with the aid of the MATLAB engine. When the hardware-
software co-simulation was implemented a speed improvement of up to 2.5 times was

obtained as compared to pure software implementation.
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ABSTRAK

Pelaksanaan dan pengesahan algoritma seperti algoritma pemprosesan imej
melalui menggerakkan ke lapangan tatasusunan get diprogramkan boleh memakan
masa dan melibatkan banyak kerumitan teknikal. Sistem digital moden berkembang
dari segi saiz dan kerumitan reka bentuk yang menjadi lebih rumit kerana pembahagian
tugas antara perkakasan dan perisian serta reka bentuk dan pengesahan pasukan. Oleh
itu projek ini bercadang untuk model algoritma pemprosesan imej seperti kulit manusia
pengesanan algoritma untuk perkakasan-perisian bersama simulasi.  Algoritma
pengesanan kulit mula direka sebagai perisian tulen diikuti dengan proses pemprofilan
perisian untuk mengenal pasti modul mengira intensif. Ini diikuti dengan reka
bentuk pemecut perkakasan untuk modul mengira intensif dan perkakasan-perisian
bersama simulasi perkakasan system.The keseluruhan yang direka menggunakan
SystemVerilog dan perisian yang ada di ¢ bahasa pengaturcaraan berkomunikasi
melalui antara muka pengaturcaraan langsung (DPI -C), MATLAB digunakan sebagai
model rujukan emas untuk mengesahkan perkakasan-perisian bersama simulasi.
Bersama simulasi dan pengesahan proses adalah automatik dengan bantuan enjin
MATLAB. Apabila perkakasan-perisian bersama simulasi dilaksanakan peningkatan
kelajuan sehingga 2.5 kali telah diperolehi berbanding dengan pelaksanaan perisian

tulen.



CHAPTER

TABLE OF CONTENTS

TITLE

DECLARATION
DEDICATION
ACKNOWLEDGEMENT
ABSTRACT

ABSTRAK

TABLE OF CONTENTS
LIST OF TABLES

LIST OF FIGURES

LIST OF ABBREVIATIONS

INTRODUCTION

1.1 Background of study
1.2 Problem Statement
1.3 Objectives

1.4 Scope

1.5 Project Outline

LITERATURE REVIEW

2.1 Hardware-Software Co-Simulation
2.1.1 Nano-second Accurate
2.1.2 Cycle accurate
2.1.3 Instruction level
2.14 Synchronized handshake
2.1.5 Virtual hardware
2.1.6 Bus functional model
2.1.7 Hardware modeler
2.1.8 Emulation

2.2 Hardware Description Language

Vil

PAGE

il
11

v

Vi
vii
X1
X1i

X1V

W N NN = -

N 9 9NN A



221 System Verilog and Direct programming

interface
2.3 Image Processing Algorithms
24 Previous works
24.1 Related previous work on HW/SW co-
simulation
2.4.2 Related previous work on image process-
ing algorithms
243 Related previous work on human skin
detection algorithms
METHODOLOGY
3.1 Overall Project Work-flow
3.2 Project tools
3.2.1 Computer Specification
322 ModelSim Software
3.2.3 Quartus II
324 MATLAB
325 Dev-C++
33 Hardware-Software Co-Simulation concept
3.3.1 Working environment
34 Direct Programming Interface (DPI-C)
34.1 DPI-C Example with Altera-Modelsim
3.4.1.1 Open Modelsim Altera
3.4.1.2 Creating a new project
3.4.1.3 Creating new project files
34.1.4 SystemVerilog & C code
342 Run the DPI-C
3.5 Interface Between Modelsim And MATLAB
3.5.1 Calling MATLAB Engine
3.6 Image normalization Algorithm
3.7 Human Skin Detection Algorithm

3.7.1 YUYV Conversion
3.7.2 Skin Segmentation/Thresholding
3.7.3 RGB to Binary Image
3.7.4 Image Padding
3.7.5 Morphological Erosion
3.7.5.1 Understanding Structuring Ele-

ment

viil

10

12

14

16
16
17
17
18
20
20
21
22
23
24
25
26
26
27
29
30
31
32
33
35
36
37
37
38
39

41



3.7.5.2 Processing Pixels At Image
Borders (Padding Behavior)

4 DESIGN AND IMPLEMENTATION
4.1 Image Normalization Implementation
4.1.1 Input Data For Image Normalization
4.1.2 Image Normalization Design Flow
4.1.3 Sequential Multiplier
4.14 RTL Modeling of Sequential Multiplier
4.1.5 RTL Design of Data-path Unit (DU)
4.1.6 RTL Design - Control Unit
4.1.7 RTL Design - Sequential Multiplier Top-
Level
4.2 Human Skin Detection Implementation
4.2.1 Input Data For Human Skin Detection
422 Software Profiling
423 Human Skin Detection Design Flow
424 Morphological Erosion Hardware Design
4.2.4.1 Hardware Data Flow
4.2.4.2 Functional Block
Diagram(FBD) of
Morphological Erosion
5 RESULTS AND DISCUSSIONS
5.1 Image Normalization Case Study
5.1.1 Software Implementation
5.1.2 Hardware-software Co-simulation Imple-
mentation
5.1.2.1 Hardware Performance Analy-
sis of Sequential Multiplier
5.1.3 Results Comparison
5.2 Human Skin Detection Case Study
5.2.1 Software Implementation
522 Hardware-Software Co-simulation Imple-
mentation
5.2.2.1 Hardware Performance Analy-
sis of Morphological Erosion
523 Results Comparison

iX

41

43
43
44
44
45
46
47
48

49
50
51
51
52
53
54

55

56
56
56

57

60

60

63

63

63

66
67



6 CONCLUSION 70

6.1 Conclusion 70
6.2 Future work 70
REFERENCES 72

Appendices A — B 74 — 84



TABLE NO.

2.1
2.2

2.3

3.1
3.2
3.3
3.4
4.1
4.2
4.3
5.1
5.2
5.3
54
5.5
5.6

LIST OF TABLES

TITLE

Summary - Related previous work on HW/SW co-simulation

Summary - Related previous work on image processing

algorithms

Summary - Related previous work on human skin detection

algorithms

Computer Specifications

C Engine Library Functions

Rules for erosion and dilation

Rules for padding images

RTL-CS table of Sequential Multiplier

Human skin detection Software Profiling
RTL-Code & CS-Table for Morphological Erosion
Sequential multiplier Fmax summary

Sequential multiplier resource optimization summary
Maximum frequency (Fmax) summary

Resource optimization summary

Morphological erosion timing performance

Human skin detection implementation timing performance

X1

PAGE

12

14

15
17
33
40
42
49
51
55
60
60
66
66
66
69



FIGURE NO.

2.1

2.2
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20
3.21
3.22
3.23
3.24
3.25
4.1
4.2

LIST OF FIGURES

TITLE

hardware/software co-simulation environment by Arthur

et.al[1]

Communication between Hardware and software
Project overall work-flow

Altera-Modelsim

Modelsim Transcript Window

Quartus II for analysis and synthesis of HDL designs
MATLAB software

Dev-C++ IDE

Hardware-Software Co-Simulation Concept
Working environment overview

Direct programing interface (DPI-C)

New Modelsim-Altera window

New project

Project name & location

Add new files to project

New project file

Project after adding and creating new files
New .do file

Interface between Modelsim and MATLAB
Include header file

Image normalization algorithmic flow

Skin detection algorithm

Different human skin tone pigment

3x3 kernel Overhanging Top Row of Image
Image padding illustration

Morphological Erosion (b) and Dilation (a)
3x3 structuring element

Image normalization input image(10x10 pixel)

Image normalization design flow

Xii

PAGE

11
11
17
19
19
20
21
2
2
24
24
26
26
27
27
28
28
30
31
32
34
35
36
38
39
40
41
44
45



4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11

4.12
4.13
5.1
5.2

5.3
54
5.5
5.6
5.7

5.8
5.9

5.10
5.11
5.12
5.13

Sequential Multiplier - 10 block diagram

ASM-Chart

Sequential Multiplier Functional block diagram

Functional Block diagram Control Unit

Sequential Multiplier Top-level Block diagram

Human skin detection input image(240x160)

Human skin detection design flow

Morphological erosion circuit [2]

Row buffering caches the previous rows in the Input image so
they do not need to be read in again[2].

ASM-Chart for Morphological Erosion

Morphological erosion FBD

Image normalization Software Implementation result output
Image normalization hardware-software co-simulation imple-
mentation output

Sequential Multiplier Timing Simulation Zoomed Out
Sequential Multiplier Timing Simulation - Zoomed In

Image normalization result output comparison

MATLAB engine command window

Modelsim Transcript Window for image normalization
implementation

Human skin detection software implementation output
HW-SW co-simulation implementation morphological ero-
sion output

Morphological erosion timing simulation zoomed out
Morphological erosion timing simulation zoomed in

Result output comparison

Modelsim transcript window for human skin detection

implementation

xiil

46
47
48
49
50
51
52
53

53
54
55
57

57
58
59
61
61

62
63

64
64
65
67

68



XML
RTL
HW
SW
SV
DPI

C

CuU
DU
FPGA
HDL
MATLAB
SoC
IDE
DFG
DUT
GCC
IC
ISS
RTL

LIST OF ABBREVIATIONS

Extensible Markup Language
Register transfer level

Hardware

Software

SystemVerilog

Direct Programming Interface

C Programming Language
Control Unit

Datapath Unit
Field-Programmable Gate Arrays
Hardware Description Language
Matrix Laboratory

System On Chip

Integrated developement enivironment
Dataflow Graph

Design Under Test

GNU Compiler Collection
Integrated Circuit

Instruction Set Simulator

Register Transfer Level

X1V



CHAPTER 1

INTRODUCTION

1.1 Background of study

Systems designers are facing two trends in the electronics industry: increasing
design complexity and increasing software content in those designs. Hardware
modeling or design at register transfer level (RTL) consumes a lot of time and effort.
It is impossible to integrate every algorithm(s) into a single piece of hardware. Even
if it is done, the end product of the hardware will be costly and not suitable for the
market right now. The market now pressures on short design cycle, high fault coverage,
high speed and low cost. Since the register transfer level design now is getting more
complicated, it is advisable that some of the algorithm should remain in software.
Hardware design is done only when performance is taken into consideration. This is

due to hardware design can speed up or accelerate the whole system or application [3].

Functional verification has become the biggest bottleneck as it consumes
roughly 70% of chip development time and efforts. RTL test benches have become
more complex and difficult to manage [4]. New method has to be introduced to
reduce the verification cycle.SystemVerilog (SV) can be used to overcome drawbacks,
it enhances the design specification method, test-benches language including coverage
and assertions application programming interface (API) and direction programming
interface (DPI).

Direct programming interface is an interfacing between SystemVerilog and
foreign programming language. Usually, the foreign programming language is referred
as C or C++ programming language. Designers can call C or C++ code into
SystemVerilog or vice-versa by using correct protocol and linking model. Hence by
using SV and DPI, designers are able to develop a fast co-simulation environment
for their desired applications [4, 5]. In this project MATLAB is used as the golden



reference to verify the hardware and software design.

1.2 Problem Statement

Previously, the hardware and software design are done separately by different
designers. One of the ways to verify the system design is using field programmable
gate array (FPGA). However verification and implementation of algorithms such as
image processing algorithms via deploying into FPGA board can be time consuming

and involves a lot of technical complexities.

Modern digital systems are expanding in terms of size and design complexity
which becomes even more complicated due to task division between hardware and

software as well as design and verification teams.

1.3 Objectives

The goal of this project is to model image processing algorithms for Hardware-

Software Co-Simulation. Hence the objectives of this project are as follows:

° To co-simulate the hardware and software parts of the algorithm

° To verify the hardware software co-simulation result output with the MATLAB

golden references.

° To automate the simulation process that is the verification and HW/SW co-
simulation with the aid of MATLAB engine.

1.4  Scope

° System Verilog HDL is used throughout for the hardware design and C

programming language is applied as the foreign programming language

° Free software tools such as Quartus II 13.0 and Altera-Modelsim are used to

ensure this work can be repeated and extended in future.



° Case studies that are applied in the HW-SW co-simulation concept and

environment are:
- Image normalization.
- Skin detection algorithm.

. MATLAB is used as the golden reference for the case studies

1.5  Project Outline

This thesis is organized into six chapters. The first chapter presents the
introduction of this work, problem statement, objectives, scope of this project and

expected contribution of this work.

Chapter 2 is the background and literature review chapter. It gives some
information about HW-SW Co-Simulation techniques. Previous related work on
HW-SW Co-simulation; image processing algorithm and skin detection algorithm are

presented as well.

Chapter 3 describes the methodology of this work. The HW-SW co-simulation
concept and environment are discussed and illustrated as well. Chapter 4 shows the

implementation of HW-SW co-simulation concept and environment.

Chapter 5 is the Results and discussion chapter and finally Chapter 6 gives the

conclusion of this project as well as the future recommendations.
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