
 

HIGH-SPEED ROBERT’S CROSS EDGE DETECTOR  

USING RESIDUE NUMBER SYSTEM  

 

 

 

 

 

 

 

 

 

 

TAN YUAN JIE 

 

 

 

 

 

 

 

 

 

 

UNIVERSITI TEKNOLOGI MALAYSIA



 

HIGH-SPEED ROBERT’S CROSS EDGE DETECTOR  

USING RESIDUE NUMBER SYSTEM  

 

 

 

 

 

 

 

 

TAN YUAN JIE 

 

 

 

 

 

 

 

A project report submitted in fulfilment of the  

requirements for the award of the degree of 

Master of Engineering (Computer and Microelectronic Systems) 

 

 

School of Electrical Engineering 

Faculty of Engineering 

Universiti Teknologi Malaysia 

 

 

 

 

 

 

JULY 2022 



iv 

DEDICATION 

 

 

 

 

 

 

 

 

 

This thesis is dedicated to my father, who taught me that the best kind of 

knowledge to have is that which is learned for its own sake. It is also dedicated to my 

mother, who taught me that even the largest task can be accomplished if it is done 

one step at a time. 

  



v 

ACKNOWLEDGEMENT 

While I was working on this thesis, my major thesis supervisor, Professor Dr. 

Muhammad Afiq Nurudin Hamzah, was a tremendous help in terms of providing 

encouragement, advice, critical and feedback. I would like to take this opportunity to 

convey my gratitude to him. 

In addition, I would want to specially express my heartfelt gratitude to my 

colleague, Wong Soon Chung who have assisted in a variety of settings. His points of 

view and suggestions are quite helpful. Regrettably, due to the constraints imposed by 

the space available, it will not be feasible to mention all of them. I would like to express 

my appreciation to everyone in my family.   



vi 

ABSTRACT 

Digital image processing is one of the high demands in the market that is 

targeted from a variety of fields. This demand has arisen because of the introduction 

of applications for editing and capturing images in the market. In image processing, 

the Robert's Cross Detector (RCD) is a detector that conducts median reordering, 

picture smoothing, and quick 2-D convolution on an image to discover edge pixels. 

This approach is based on noise reduction and gradient-based edge detection 

algorithms. RCD is designed to avoid creating statistics that are artificial while 

highlighting changes in intensity that occur in a diagonal direction. When it comes to 

speed, power consumption, and throughput rate application, having a mathematical 

arithmetic process with a high throughput is always one of the most important factors 

to attain. Positional number system requires large bit width to process the data which 

slows down the computation and becomes the major issue while processing the edge 

detection. On the other hand, the complexity of this implementation's design and the 

amount of computing it requires make it expensive to implement. Therefore, Residue 

Number System (RNS) architecture is implemented to replace normal PNS 

architecture. The RNS represents binary numbers using a set of residue numbers. Each 

modulus in the moduli set transforms enormous numbers into a collection of small 

residue numbers without requiring the full propagation chain length of adders and 

multipliers. Due to the carry free characteristic of residue numbers, the calculation on 

the set of residue numbers can be performed in parallel. As a result, RNS outperforms 

conventional positional number systems in mathematical computations. This study 

aims to create an RNS-based RCD with a high computing speed and throughput for 

processing picture data. In Gaussian filter and Robert Cross Operator (RCO) functional 

blocks, arithmetic units are implemented in Positional Number System and Residue 

Number System. Those units are replaced with smaller bit width of modulo adder and 

multiplier in residue number system. Simulation is carried out in Quartus Prime 21.1 

and compiled in Synopsys Design Compiler. The Signal Noise Ratio, Peak Signal 

Noise Ratio, and absolute percentage error show better results in the RNS-based 

Gaussian Filter functional block. The results are similar for both the PNS and RNS-

based RCO functional blocks. From the result of Synopsys Design Compiler, the 

operating frequency and throughput of RNS-based RCD are 282MHz and 3384MHz, 

whereas for PNS-based RCD, they are 151MHz and 2416MHz. The area of the RNS-

based RCD and PNS-based RCD is 1187212.12um and 1143353.53um, respectively. 

For power analysis, RNS-based RCD consumed more power, which is 299.138mW, 

whereas PNS-based RCD consumed 290.646mW. In conclusion, the RNS-based RCD 

outperforms the PNS-based RCD by 86.75% and 40.10% from the speed perspective, 

but it traded off and required higher area and power, with a percentage of 3.83% and 

2.92%, respectively.   
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ABSTRAK 

Dengan pengenalan aplikasi penyuntingan dan penangkapan imej di pasaran, 

pemprosesan imej digital merupakan salah satu permintaan tinggi dalam pasaran 

yang disasarkan daripada pelbagai bidang. Pengesan Roberts Cross (RCD) adalah 

ialah pengesan yang terdiri daripada pengurangan hingar dan pendekatan 

algoritma pengesanan tepi berasaskan kecerunan yang melakukan penyusunan 

semula median, pelicinan imej dan lilitan 2-D pantas pada imej untuk menemui 

piksel tepi dalam pemprosesan imej. RCD mengelakkan menjana data yang 

tidak realistik sambil menekankan perubahan keamatan dalam arah pepenjuru. 

Proses aritmetik matematik pantas sentiasa menjadi faktor utama untuk dicapai 

dari segi kelajuan, penggunaan kuasa. pelaksanaan ini adalah mahal yang berkadar 

dengan kerumitan reka bentuk dan pengiraannya. Oleh itu, pengubahsuaian 

menggunakan Residue Sistem Nombor (RNS) dalam menggantikan seni bina 

sistem nombor kedudukan biasa (PNS) dalam projek ini. RNS menggunakan set 

nombor sisa untuk mewakili nombor binari. Pada asasnya, setiap modulus dalam 

set moduli menukar nombor yang besar menjadi koleksi nombor yang kecil 

tanpa memerlukan panjang rantai penyebaran bawaan penambah dan pengganda. 

Pengiraan pada set nombor baki boleh dilakukan secara selari. Akibatnya, RNS 

lebih baik daripada PNS dengan kelajuan pengiraan yang tinggi dalam 

pengiraan matematik. Dalam projek ini, RCD berasaskan RNS menyasarkan 

kelajuan pengiraan tinggi dan daya pemprosesan semasa memproses data imej. 

Unit aritmetik dalam penapis Gaussian dan blok berfungsi Robert Cross Operator 

(RCO) dilaksanakan ke dalam kedua-dua PNS dan RNS. Nisbah Bunyi Isyarat, 

Nisbah Bunyi Isyarat Puncak dan ralat peratusan mutlak menunjukkan lebih baik 

dalam blok berfungsi Penapis Gaussian berasaskan RNS. Hasilnya adalah serupa 

untuk blok berfungsi RCO berasaskan PNS dan RNS. Daripada Synopsys 

Design Compiler, kekerapan operasi dan daya pemprosesan RCD berasaskan 

RNS ialah 282MHz dan 3384MHz manakala untuk RCD berasaskan PNS, ia adalah 

151MHz dan 2416MHz. Keluasan RCD berasaskan RNS dan RCD berasaskan PNS 

masing-masing ialah 1187212.12um dan 1143353.53um. Untuk analisis kuasa, RCD 

berasaskan RNS menggunakan kuasa yang lebih tinggi iaitu 299.138mW manakala 

RCD berasaskan PNS menggunakan 290.646mW. Kesimpulannya, RCD 

berasaskan RNS mengatasi RCD berasaskan PNS sebanyak 86.75% dan 40.10% 

untuk perspektif kelajuan tetapi reka bentuk ini memerlukan kawasan dan kuasa 

yang lebih tinggi, dengan peratusan masing-masing 3.83% dan 2.92%. 
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CHAPTER 1  

 

 

INTRODUCTION 

1.1 Introduction 

With the introduction of image editing and capturing applications on the 

market, digital image processing is rapidly penetrating nearly all fields, and the 

demand for higher image quality has also increased. It is a classical problem in 

computer vision and image processing that depends on the choice of threshold which 

affects the outcome. Image processing is used in a variety of applications, including 

robot vision, tumour allocation, and human recognition as shown in Figure 1.1.  

 

Figure 1.1 Applications of edge detection. 

Edge detectors require real-time image processing and the handling of large 

amounts of data pixels in a short period of time. The Roberts Cross operator is the 

gradient-based edge detection method used to find edge pixels in an image that 

performs a simple, quick-to-compute, 2-D spatial gradient measurement on an image 

[1]. It highlights regions of high spatial frequency, which often correspond to edges. 

In its most common usage, the input to the operator is a grayscale image, as is the 

output. At each point of the output, the pixel values show how big the spatial gradient 

in the input image is thought to be at that point. 

Residue Number System (RNS) represents a binary number using a set of 

residue numbers. Basically, it is converting large numbers into a set of small residue 
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numbers by each modulus in the moduli set, without having the carry propagation 

chain length of adders and multipliers especially. Due to the carry-free property of 

residue numbers, the calculation of the set of residue numbers can be performed in 

parallel. Therefore, RNS outperforms the conventional binary number system in doing 

mathematical calculations and is suitable for replacing the traditional arithmetic unit 

architecture that sacrificed speed and operating frequency. It is used extensively in 

many applications, like convolution and filtering. 

1.2 Problem Background 

Robert Cross Detector is introduced to CMOS technology due to its circuitry 

simplicity, low-area consumption, and low cost. Edge Detector relies on kernel 

convolution to process the data. Consequently, the arithmetic unit will have a 

substantial effect on RCD performance. The full adder in the design must always 

consider the carry bit availability of the full adder adjacent to it. In image processing, 

multiplication is essential due to the convolution of the kernel's requirements. 

Therefore, high-throughput arithmetic units are always a key element to achieving 

high-performance in terms of speed and throughput rate application. However, it is 

expensive and costly, which is proportional to its design complexity and computation. 

RNS functions are designed to reduce input data into smaller modules and compute 

fewer bits while operating in parallel to achieve high accuracy. The RNS uses a set of 

residue numbers to represent a binary number. Essentially, each modulus in the moduli 

set turns huge numbers into a collection of small residue numbers without requiring 

the carry propagation chain length of adders and multipliers. The calculation of the set 

of residue numbers can be done in parallel due to the carry-free quality of residue 

numbers. Therefore, the problem statements for this work are: 

(a) Digital filtering and edge detecting process involve Kernel Computations 

which are costly in term of speed for mathematical arithmetic units using 

Positional Number System (PNS). 

(b) PNS has propagation between arithmetic blocks during arithmetic operations. 

This causes speed and frequency of computation to be lower, and higher cost 

and area. 
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1.3 Research Objective 

The ultimate aim of this work is to enhance the speed of Roberts Cross Detector 

by implementing Residue Number System (RNS). 

The following listed the objectives of this project: 

(a) To improve the performance of Robert’s Cross detector using Residue Number 

System.  

(b) To evaluate the accuracy of Residue Number System based Roberts Cross 

detector. 

(c) To assess, analyze and benchmark the performance of Residue Number System 

based Robert Cross Detector with Positional Number System based Robert 

Cross Detector through Power, Performance and Area Analysis. 

 

1.4 Scope of Work 

The scope of work for this project is: 

(a) Design RNS moduli set (2𝑛−1, 2𝑛, 2𝑛+1) where n equals to 4 and 6. 

(b) Source 8-bits binary data of the input pixel intensity which converted from grey 

scale with 256 x 256 image using MATLAB. 

(c) Select 180nm SilTerra library using fast database in Synopsys Design 

Compiler 

(d) Select Peak Signal Noise Ratio (PSNR), Signal Noise Ratio (SNR) and 

Absolute Percentage Error to validate the accuracy of the hardware. 

(e) Obtain maximum operating frequency, throughput, power consumption, gate 

count, energy, and area to evaluate the performance of the designs 
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