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ABSTRACT

Two-dimensional convolution is a prevalent mathematical operation used in
different areas of digital signal processing such as image processing, video
processing and analog signal transmission. The computation intensive nature of 2D
convolution operation along with the stringent demand of real-time image processing
in term of response time and throughput rate dismiss the viability of general-purpose
processor to be used as part of the image processing solutions. Thus, the design
work of a fully-dedicated 2D convolution hardware based on systolic array
architecture with integrated pipeline design is proposed in this project in order to
achieve optimum hardware performance in term of processing time and throughput
rate. To achieve the objective, the entire hardware design is fully described in
SystemVerilog and cut-set systolization procedure is applied to map 2D convolution
algorithm to a 3 x 3 based systolic array hardware design. Upon the end of design
and integration, the accelerated 2D convolution hardware design goes through
performance benchmark. Based on the performance benchmark report, the
implemented 2D convolution hardware is capable to achieve a throughput rate of
168M outputs per second. In addition, it takes 1.54 ms to complete the execution of
2D convolution based on 512 x 512 grayscale image. In comparison with general-
purpose processor, the implemented design outperforms general-purpose processor in
term of execution speed by 43%. The performance breakthrough marks an important
milestone to the pipelined 2D convolution hardware design based on systolic array
architecture as the design is proven to be essential for the future use of real-time

image processing.
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ABSTRAK

Convolusi dua dimensi adalah operasi matematik yang biasa dan luas
digunakan dalam bidang pemprosesan isyarat digital seperti pemprosesan imej,
pemprosesan video digital, dan penghantaran isyarat analog dan digital. Oleh sebab
operasi 2D convolusi memerlukan pengiraan yang amat intensif dan permintaan
masa tindak balas yang ketat oleh pemprosesan imej secara langsung, unit pemproses
umum Yyang biasa digunakan oleh komputer tidak dapat memenuhi keperluan dan
spesifikasi yang dinyatakan oleh pemprosesan imej secara langsung. Oleh itu, unit
pemproses umum tidak lagi dipentingkan untuk kegunaan di dalam bidang
pemprosesan imej. Untuk menyelesaikan masalah ini, projek ini memainkan peranan
penting untuk menghasilkan satu reka bentuk yang berdasarkan seni bina “systolic
array ” serta seni bina “pipeline ” untuk mencapai prestasi yang paling optimum dari
aspek masa pelaksanaan dan kadar hasilan. Reka bentuk projek ini dicipta
sepenuhnya berdasarkan SystemVerilog. Prosedur “cut-set systolization” juga
digunakan untuk pertukaraan algoritma 2D convolusi ke reka bentuk berdasarkan
“systolic array ” yang berbentuk 3 x 3 dimensi. Setelah reka bentuk telah siap dicipta,
reka bentuk tersebut telah menjalani satu ujian prestasi. Berdasarkan laporan prestasi,
reka bentuk projek ini berjaya mencapai kadar hasilan sebanyak 168M hasil/saat.
Selain itu, reka bentuk ini memakan masa sebanyak 1.54ms untuk satu operasi 2D
convolusi berdasarkan imej yang berdimensi 512 x 512. Berbanding dengan
pemproses umum, reka bentuk tersebut boleh berfungsi lebih laju daripada unit
pemproses umum sebanyak 43 peratus. Prestasi yang amat kagum ini telah
membuktikan bahawa ciptaan ini memainkan peranan yang amat penting untuk
kegunaan di dalam bidang pemprosesan imej secara langsung pada masa yang akan

datang.
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CHAPTER 1

INTRODUCTION

1.1 Background of Study

In recent years, the design of efficient and performance-oriented 2D
convolution unit has received a lot of attentions from many researchers particularly
from image processing and video processing field. The key factor is the involvement
of spatial two-dimensional convolution operation in most of the pervasively-used
image and video processing techniques such as image filtering, image restoration,
feature recognition, etc. [1]. Previously, general-purpose processor was commonly
chosen as the generic execution unit to perform 2D convolution operation. However,
the sequential execution of 2D convolution, which is a parallel computational
conception by nature, results in poor execution performance and low execution

efficiency.

Moreover, typical modern image processing techniques have high
computational cost and not appropriate to real time implementation using digital
signal processor or general-purpose processor [2]. This inhibits the use of general-
purpose processor as a viable computation core to compute 2D convolution. Hence,
this leads to more researches on the possibilities of executing 2D convolution flow in
hardware approach rather than in software approach to meet the performance and

timing constraints of real-time image/video processing.



In this research project, a fully-dedicated 2D convolution hardware design
based on systolic array architecture is presented. The proposed design leverages the
advantage of parallel processing design in hardware to speed-up the execution flow
of 2D convolution. This is achieved by integrating systolic architecture in the
computational block to introduce concurrent processing and pipeline concepts into
the hardware design. Apart from parallel processing advantage presented in this
design, the custom design specifically for 2D convolution in image processing
context allows optimization work to be done carefully at each level of the design. As
the result, the proposed design exhibits great computational capability for 2D
convolution and has better design area and lower design cost.

1.2 Problem Statements

In this project, two problem statements related to the execution of 2D
convolution have been identified. The problem statements question mainly on the
performance of two-dimensional convolution in software execution approach and the
availability of comprehensive design documentation for dedicated 2D convolution

hardware solution.

The execution of two-dimensional convolution computation flow is seen to
be slow and ineffective when the computation is operated via general-purpose
processor. A performance comparison on the execution of 2D convolution was
previously made in a research and the performance benchmark showed that the
execution of 2D convolution using general-purpose processor is slower than the
execution of 2D convolution via FPGA by at least 40% [3]. The slow performance is
mainly due to the sequential execution of 2D convolution in software by general-
purpose processor. The slowdown is further amplified by the iterative nature of 2D
convolution which involves repeating multiplication and addition operations. As a
result, using general-purpose processor to execute 2D convolution will cause
bottleneck to real-time image processing solutions and hence they turn away from

using general-purpose processor as the execution platform.



The lacking of detailed design documentation to build dedicated 2D
convolution hardware poses concerns to people who look for embedded 2D
convolution solution. Many research papers had presented various hardware
architecture for 2D convolution but implementation details and procedures are
mostly hidden or incomplete. Even though some presented detailed work on the
implementation of 2D convolution hardware design using FPGA, the designs are not
tailored to meet the area and resource criteria of an embedded hardware design.
Thus, this problem brings difficulties to those who want to duplicate the relevant

hardware design for their needs.

1.3 Research Objective

For this research project, there are three main objectives. The objectives are:
i. To create a fully-dedicated 2D convolution hardware for image processing

purpose

ii.  To optimize the existing two-dimensional convolution algorithm to achieve

better hardware performance

iii.  To integrate systolic array architecture along with pipeline design into the

two-dimensional convolution processor design

1.4 Scope

i.  Execution of 2D convolution algorithm is based on image processing context.

ii.  The research project focuses on RTL hardware design and the design is coded

based on SystemVerilog as the hardware descriptive language (HDL)

iii.  The dedicated hardware is designed to handle image which comprises of 8-bit
image pixels and convolution filter with the size of 3 x 3.



The design is created based on systolic array architecture with pipelining
feature.

Hardware design simulation is limited to simulation in Mentor Graphics

Modelsim only while software simulation is done using MATLAB.

1.5 Project Achievement

Upon the completion of this research project, we have unlocked a few achievements
such that:

The accelerated 2D convolution hardware design based on systolic array
architecture is the first among the other relevant 2D convolution designs to be
fully created in SystemVerilog.

The research project has succeeded to show the ability to map the
conventional 2D convolution algorithm into a hardware design based on

systolic array architecture.

The created design has achieved better enhancement in terms of performance
such that the processing time of the created design is at least 40% shorter
compared to the processing time needed by general-purpose processor in

computing 2D convolution.
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