
 
 

 

Technical report, IDE1203, February 2012  

Intelligent Sensor 

Master’s Thesis in Computer Systems Engineering 

Tariq Hameed 

Ahsan Ashfaq 

Rabid Mehmood 

 

 

School of Information Science, Computer and Electrical Engineering 

Halmstad University 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Intelligent Sensor 

 
Master’s Thesis in Computer Systems Engineering 

 

TARIQ HAMEED (830519-T119) 

tarham08@student.hh.se 

AHSAN ASHFAQ (850104-6995) 

ahsash09@student.hh.se 

RABID MEHMOOD (830216-T412) 

rabmeh09@student.hh.se 

 

 

 

 

School of Information Science, Computer and Electrical Engineering 

Halmstad University 

Box 823, S301 18 Halmstad, Sweden 

 

 

 

 

 

 

February 2012 

 

mailto:tarham08@student.hh.se
mailto:ahsash09@student.hh.se
mailto:rabmeh09@student.hh.se


 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Abstract: 

 

The task is to build an intelligent sensor that can instruct a Lego robot to perform certain tasks. 

The sensor is mounted on the Lego robot and it contains a digital camera which takes continuous 

images of the front view of the robot. These images are received by an FPGA which 

simultaneously saves them in an external storage device (SDRAM). At one time only one image 

is saved and during the time it is being saved, FPGA processes the image to extract some 

meaningful information. 

In front of digital camera there are different objects. The sensor is made to classify various 

objects on the basis of their color. For the classification, the requirement is to implement color 

image segmentation based object tracking algorithm on a small Field Programmable Gate array 

(FPGA).  

For the color segmentation in the images, we are using RGB values of the pixels and with the 

comparison of their relative values we get the binary image which is processed to determine the 

shape of the object. A histogram is used to retrieve object‟s features and saves results inside the 

memory of FPGA which can be read by an external microcontroller with the help of serial port 

(RS-232). 
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Chapter 1 

Introduction 

1.1 Introduction 

In this modern era, the use of robots is exponentially increasing. Robots are electro mechanical 

devices that can perform different tasks on their own or in some cases they take some 

instructions from a remote machine. These robots are usually equipped with different sensors and 

actuators which can sense the scenario of the outer world and perform various tasks on the basis 

of the information received by the sensors. 

Main goal of the thesis bases on an intelligent sensor that makes some calculations and decisions 

itself. The focal is to make an intelligent sensor by using a FPGA (field programmable gate 

array) that interfaces between a digital camera and a SAM7-P265 development card. The sensor 

takes images continuously and does color image segmentation with the help of FPGA and 

calculates different parameters for objects. These calculations show results about objects 

positions, their shape and how many they are in the images. A microcontroller (SAM7-P265) 

reads results and uses them to program for robot tracking. 

1.2 Problem Formulation 

The idea behind this project is from the course Autonomous Mechatronical System studied in 

Halmstad University Sweden. The project part presents methods for designing Autonomous 

Mechatronical systems that focus signal processing of sensor values, basic image processing, and 

some principals of different controls of actuators and programming an autonomous robot based 

on a DSP (digital signal processor) kit. The project contains different parts that have to be 

solved: for example image processing algorithms and object tracking. A DSP programmed robot 

solves a predefined task. These robots construct with Lego parts, sensors, actuators, color camera 

and DSP (digital signal processing) processor. Students design the LEGO robot with DC motors. 
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These DC motors controls the robot according to the instruction given in torque and have to 

integrate a gearbox with a DC motor.  

The camera interfaces with a DSP kit that navigates the robot for objects tracking and DSP 

processor performs image processing algorithms for object detections and calculates some results 

related to objects. Students program these results and give instructions to robot for certain 

actions. 

Figure 1.1 shows there are six red boxes in a line that place front of a robot. Boxes can rotate 

around a bar and bar fix in the middle of a table. Red boxes label with the digit zero (0) and one 

(1) on their four sides with blue color. Robot hits each box until box does not change its position 

for desire digit on the box. 

1.2.1   Main Idea 
The main idea of the proposed project is somehow similar to the task in the above paragraph but 

is quite different by hardware and software. In the proposed task, an Omni vision camera 

replaces with a digital camera and an FPGA processor replaces a DSP processor. However, they 

are quite different in interfacing and processing.  

                  Figure 1.1: A general overview of LEGO robot using DSP kit 
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FPGA‟s and DSP‟s represent two remarkably different approaches of signal processing, but there 

are many high sampling rate applications that an FPGA can do exceptionally easy while DSP‟s 

has some limits in performance, especially when they have to use number of useful operations 

per clock [1]. FPGA‟s uses uncommitted sea of gates, logical elements, memory bits and ability 

to interface other hardware that makes it the best choice in many computational tasks. This 

device programs in such a way that it connects many gates together to form multipliers, registers, 

adders and so forth and these all can process parallel with fast access time.  

DSP processor typically uses C language for implementation while FPGA programming can only 

be in Hardware Descriptive Languages (HDL) like VHDL or Verilog. 

1.3 Design Overview 
A TRDB-D5M Camera interfaces with an ALTERA DE1 FPGA development board via 16 bit 

data bus. The camera takes color images continuously and sends a series of images to the FPGA. 

FPGA process on the images; calculates objects information and sends the result to a module 

called „black board‟. A SAM7-P256 board (microcontroller) finally reads the results from black 

board.  

 

Figure 1.2: Graphical representation of intelligent sensor 
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Figure 1.2 shows main interfaces in the proposed task. A 5 megapixel camera interfaces with an 

FPGA and I
2
C protocol configures camera with FPGA. This protocol deals some important 

registers for camera initialization, images frames per second, brightness, blue gain, red gain, 

green gain, line valid, frame valid, and exposure. FPGA receives images from camera, process 

on them and sends results to a module called blackboard. A SAM7.P256 retrieves these results 

serially to navigate the robot and tracks objects. The protocol between black board and SAM7-

P256-card retrieves following fundamental result parameters:  

1) Classification of objects  

2) How many objects 

3) Were the objects are in the image. 

1.4 Functional Description 

In the proposed intelligent sensor, different hardware‟s interfaces to accomplish the intelligent 

sensor and they work along by using certain modules, and these modules follow certain 

algorithms for interfacing and calculations. There are some key tasks that needed to handle in the 

project are: 

 The camera interface with FPGA board 

 Sort the Bayer pattern pixel 

 Store the image in a suitable way 

 Color image segmentation 

 Histogram 

 Object classification 

 Finding object 
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Figure 1.3: A complete functional description with different modules 

Figure 1.3 shows different functional modules that used to accomplish the task. The digital 

camera used in the project operates on a single chip digital image sensor, which requires color 

filter array for arranging RGB image. Camera outputs Bayer‟s pattern of the color components 

and FPGA transforms Bayer pattern image to a RGB value image. A method is applied that 

interpolates Bayer pixels using colors filter array and makes a set of complete red, green and 

blue valued pixel and saves them in external memory (SDRAM) in a suitable way. The digital 

camera configured to provide VGA resolution (640x480) of the image so that we are able to 

display the live RGB images taken by the camera on a display device (monitor). 

For the color image segmentation, various algorithms are available to implement on FPGA, and 

there is no single method that is considered as suitable for all sort of images and conditions. In 

the project, certain color image segmentation algorithms are tried by using RGB values, and at 

least a color image segmentation algorithm is finalized that uses red, green and blue color‟s 

relative values and it is capable of working in various illumination circumstances and conditions.  

A histogram approach is used to find the object details. This approach is technically more 

valuable when there is more than one objects front of sensor; histogram features deal with 
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objects positions, number of objects and their classifications. For object classifications, a 

comparator formula compares width of object with its height and classifies that object whether it 

belongs to zero or one. Histogram results are stored in a module called "Black board" and these 

results are further retrieved serially with a serial communication protocol (RS-232). 
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Chapter 2 

Background 

2.1 Intelligent Sensors 
 

Intelligent sensors are the front end devices which are used to sense (light, heat, sound, motion, 

touch, etc.) any environment and gather information [2]. Superior performances are approached 

because of modern sensor systems with signal processing and artificial intelligence. A particular 

example of intelligent sensor system is the sensing system of the human body, the most critical 

part of an intelligent system is to grasp some data by its receptors and then filter it to get the 

required information and then transfer it to the acting unit. 

The term „intelligent‟ describes that sensor, which provides more functionality than merely 

providing the estimate of the measure [3]. They perform some predefined actions or tasks when 

sense some proper input. These tasks include digital signal processing, communicate with those 

signals and execute logical functions and instructions. Currently, an intelligent sensor means a 

system in which a sensor embeds with microprocessor for data detection, operations, 

memorizations and diagnosis. 

International Electro technical Committee (IEC) defines: „the sensor is an inductive element in 

the measurement system for converting the input signal to the measureable signal‟ [4]. 

Commonly, the sensor involves some sort of sensing and transduction elements. Sensing 

elements work with changes in object while transduction elements work on that sensing element 

signal to a communicable and measurable signal. An intelligent sensor comprises intelligent 

algorithms for analyzing and integrating substantial amount of signals [4]. 

 

Intelligent sensors are being used in many products these days, e.g. home appliances and 

consumer electronics categories. Integration of internet connection and smart automated 

functions made it more versatile, especially the internet refrigerators, intelligent vacuums etc.  
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There are always some limitations of any intelligent sensors. We can maximize performance of 

sensors up to a satisfactory level, but there is no sensor that always produces the correct outputs 

even the human sensing system which is supposed to be the best sensing system than any 

artificial intelligent sensing system, because of its data processing capability, does not produce 

right outputs every time.  

2.1.1   Basic structure of intelligent sensor 
Intelligent sensor is composed of a complex mixture of analog and digital operations; Figure 2.1 

shows the basic structure of an intelligent sensor. Analog signal conditioning in this context 

means circuits like amplifiers filters etc.  

Figure 2.1: Components of Intelligent sensor 

 Sensor 

o Sensing elements are the basic part of any intelligent sensor. If it does not work 

properly, sensor will not show intelligence as it is the part which has to collect 

data from the environment for further processing. 
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 Amplification 

o Amplification of the sensing element is an elementary requirement, as it has 

pivotal role in getting original data produced by sensors. Amplifier is producing a 

signal correlated to the input range of the ADC. 

 Analog filtering 

o An analog filtering of data requires minimizing or blocking aliasing or distortion 

effects in conversion stage. It is more resourceful than digital filtering, which 

consumes much of the real time processing power. 

 ADC 

o Also known as data conversion is the stage of converting analog signals into 

digital signals, from where a digital processor starts its work. After ADC, 

processed value stores inside the memory of a controller (micro controller) were 

some digital signal conditioning algorithms also may run. 

 Digital information processing 

o This is the intelligent part of the sensor. Input is the raw sensor data and output is 

signal features. E.g. input is an image and outputs are the number of classified 

objects and their positions. 

 Digital communication 

o The signal features communicates to the other subsystems via a bus. E.g. labeled 

objects and their positions communicate to a robot controller to make some 

actions.  

2.2 Intelligent Image sensor 
 

A sensor that uses camera or some imaging device for input senses and to generate signals, and 

then execute some predefined logical function on those signals with the help of a 

microprocessor, is considered as intelligent image sensor. These logical functions include image 

processing techniques. Intelligent imaging sensors are widely being used for industry, health, 

tracking and security system.  
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2.3 Digital Image processing using hardware 
 

Digital image processing is an expensive but dynamic area [5]. In everyday life, we can observe 

this in different applications such as in medicine, space exploration, automated industry 

inspection, surveillance and many other areas, where they are performing different processes like 

image enhancement and object recognition. Although, this has also been observed that hardware 

implemented applications offers much greater speed than software implemented applications. 

Due to the improvement in VLSI (very large scale integrated) technology, hardware 

implementation gets lot more worth. Moreover, it shows its fast execution performance when 

some complex computational tasks and parallelism and pipelining algorithms implements on it. 

Multimedia applications are being popularized in all fields, and image processing systems are 

also being applied in all aspects increasingly [4]. As the new products are being developed that 

require greater image capacity and higher image quality, which demands higher speed for image 

processing. Till now, lot of image processing work is implemented in software by PC and DSP 

chips, that waste much instruction cycles, and sometimes software in series cannot meet the 

requirement of high speed image processing.  

Due to the constantly increasing complexity of FPGA circuits and best in cost and size of image 

sensors, it is more flexible to integrate additional applications on hardware with very low cost. 

Besides this, in FPGA image processing shows high performance in very low operational 

frequency. This high performance is due to FPGA‟s parallelism quality in applications and a 

large number of internal memory banks on FPGAs which can also be accessed in parallel. 

Moreover, it also shows its processor quality and especially FPGA chips have natural advantages 

of real-time image processing system because of their specific units on logical structure. It 

executes the instructions data more than 128 bits in one clock cycle and these processors can 

support multi-cores and large cache memory, this large cache memory can hold all image data 

for each core. We can also depicts it better due to much feasibility in algorithms in hardware 

image processing than the corresponding algorithms in C and C++.  
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However, FPGA‟s have some drawbacks as well; that, it is considered as expensive compared to 

other processors. Typically, it has much higher power dissipation and is considered as much 

difficult to debug as compared to a software approach.  

2.4 Related work 
In this paragraph only image processing algorithms suited for implementation on hardware are 

considered. 

2.4.1   Color image segmentation using relative values 
Color image segmentation is a process of fetching out one or more regions of uniform criteria in 

the image domain, that basis on features derived from spectral components. These components 

define in chosen color space and transformed models. Extensive work has been done by using 

different color image segmentation techniques on hardware and especially on real time FPGA‟s 

applications. Segmentation process can be improved by knowing some additional knowledge 

about objects like geometry or some optical properties. 

S. Varun [6] applied a color image segmentation algorithm for traffic sign detection and 

recognition; he used relative values for R, G, and B components on each pixel for image 

segmentation. He observed traffic signs in an open environment and segment for red color in 

such a way that if green and blue colors in a pixel are summed up and compared with red color, 

it gives relatively 1.5 times higher values for the red component in pixel. If the pixel has 

relatively higher red component, it determines as the featured pixel. A binary segmented image is 

then created using the known coordinates of the featured pixels. 

Andrey V [7] and Kang H proposed a detection and recognition algorithm for certain road signs. 

Signs have the red border for blue background for information signs. A car has a mounted 

camera that gets images. Color information can be changed due to poor lighting and weather 

conditions such as dark illumination, rainy and foggy weather etc. To overcome these problems 

they proposed two algorithms by using RGB color image segmentation. In first criteria, results 

are very good in bright lighting condition. E.g. a pixel belongs to red sign if it satisfies: 

𝑅𝑖 ,𝑗 > 50 𝑎𝑛𝑑 𝑅𝑖 ,𝑗 − 𝐵𝑖,𝑗 > 15 𝑎𝑛𝑑 𝑅𝑖 ,𝑗 − 𝐺𝑖 ,𝑗 > 15                            
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A second criterion is using normalized color information and allows signs detection in dark 

images and is considered as best for bad lighting condition, in which a pixel belongs to „red‟, if it 

satisfies: 

𝑅′𝑖 ,𝑗 − 𝐺′𝑖 ,𝑗 > 10 𝑎𝑛𝑑 𝑅′𝑖 ,𝑗 − 𝐵′𝑖 ,𝑗 > 10                                             

Chiunhsiun Lin [8] and his colleagues‟ proposed a novel color image segmentation algorithm, 

that basis on derived inherent properties of RGB color space. Their algorithm operates directly 

on RGB color space without the need of any color space transformation. Their proposed scheme 

observed human skin with their inherent properties of RGB color space; they observed R, G and 

B values on different points. 

 

Figure 2.2: Relative color Values  

In the Figure 2.2, 1
st
 line shows R,G,B (203,161,136) values respectively, then in line 3

rd
 

(212,162,119), 5
th

 (191,137,11)  and so on, they find some useful information in which they 

observed some relative values of different components. They observed the difference of R and G 

values and find it is in between 28-56, while the difference between R and B is approximately 

49-98. The main issue to take these values is to realize absolute values of R, G and B are totally 
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different in different conditions and illuminations, but conversely the relative values between R, 

G and B are almost unchanged on those conditions.  

 

They introduced 3 rules: 

1. R (i) > α: means that the primary colour component (red) should be larger than α. 

2. β1 < (R (i) – G (i)) < β2: means that the primary colour component (red – green) 

should be between β1and β2. 

3.  γ1 < (R (i) – B (i)) < γ2: means that the primary colour component (red – blue) 

should be between γ1 and γ2.  

 

They applied these rules to segment desired color and found algorithm robust on numerous 

illumination conditions. 

2.4.2    Object feature recognition  
Until now, many approaches and algorithms have been approached by researchers to solve the 

problem of machine digit and character recognition.  These algorithms include a wide range of 

feature and classifier types.  Moreover, every algorithm has uniqueness, such as speed, high 

accuracy; good thresholding ability and generalization, which are valuable for particular 

applications.  

Marziehs [9] propose their own new method for feature extraction from a 40*40 normalized 

picture of Farsi handwritten digit for FPGA implementation. This method is suitable to be 

implemented on FPGA because it only requires few add operations also speeds up the process. 

Two approaches are used in parallel to extract features of an object for its detection.  
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Figure 2.3: Division of hand written Farsi digits  

First approach is known as „statistical approach‟; used to find the nature of distribution of digits, 

usually in printed digits with same font and size, figure (2.3) shows some digits can be 

categorized with bigger left half, bigger right half and same fashion for upper and lower halves. 

Second approach is known as Number of Intersections, this is a combination of two stages. First, 

the number of intersections is counted along a middle horizontal ray in the image. This feature 

will classify different objects as few numbers have single middle intersection and few have more 

than one or two.  

Figure 2.4: Multiple sections   
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Then in second step divide the image into 4*4 equal segments and calculate horizontal and 

vertical intersections along ten equi-spaced rays as shown in figure (2.4).  MATLAB was used to 

train the neural network (MLP, Multilayer Perception with two layers) before implementing on 

FPGA, above method of feature extraction was tested on 2,000 normalized binary images and an 

efficiency of 96% was achieved. 

Guangzhi Liu [10] applied a template matching method to recognize characters on car license 

plate. Template matching method is a comparison of image graphics with the template characters 

that has been solved in two parts, 1
st
 how to character the image graphics and secondly what 

similarity principal should be applied.  

 

Figure 2.5: Grid classification  

Figure (2.5) is an image of a character and is characterized by 5 x 5 grids. In each grid a ratio of 

white is calculated then an array of 25 features is produced.  
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Chapter 3 

Methods and Analysis 

 

3.1 Introduction 

This chapter presents the design and implementation of such an open FPGA based Digital 

camera system for image capturing, real time image processing, object detections, its 

classification, histogram presentation and then getting results on computer via serial 

communications. Different algorithms are applied to fulfill all requirements that suit for desired 

results.  

3.2 Structure of System design 
Image sensor is responsible for image acquisition and FPGA controls and configures the sensor 

and stores image data in SDRAM [11]. As the system runs, camera mode gets initialized by 

FPGA through I
2
C protocol and FPGA controls image acquisition and converts collected data 

into RGB format and stores in SDRAM. VGA controllers are responsible to collect RGB data 

from memory addresses for VGA display (monitor). 

In its working principle, as FPGA calculates first RGB pixel, it sends it to the memory module 

and memory module is an external SDRAM that is embed inside the FPGA. Similarly as the 

pixels complete in RGB format they are simultaneously being stored in multi controller SDRAM 

through a 16 bit bus controller. FPGA performs image processing algorithms on pixel data for 

object detection and then histogram sorts object classification and recognition. 
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Figure 3.1: Structural design of proposed work 

Figure 3.1 shows a structural design of proposed work, a FPGA chip is controlling sub system by 

using certain modules like, main internal control module, memory controller module, I
2
C 

controller and other modules. Main internal control module deals and coordinates work with 

other modules; it is used to receive signals and then send related data parallel to related internal 

modules. Memory controller module controls external memory and could read and write on it, 

while I
2
C module needs to handle image sensor parameters, e.g. resolution, frame valid, line 

valid, data valid, exposure time, red, blue and green gain, frame rate, pixel clock domain and 

speed of data transmission. VGA controller is for monitor display and it provides analog signals 

to monitor for display video streaming. Verilog is used for developing the code for the project 

and designing high speed digital logics functions for image processing, timing controls and 

interfacing logics. Project task is following this structural design and implements all modules 

parallel. 

3.3 DE1 development Board (FPGA) 
 

The basic function of DE1 development board is to make available an ideal platform with 

valuable features to be used in universities and research labs for gaining knowledge about 

computer logic, computer organization and FPGAs [12]. This board is used for proposed project 

implementation. This board includes an advanced Cyclone II EP2C20 FPGA [13]. There are up 

to 18,752 logic elements (LEs), 484 pins available to connect and perform operations by all other 

components on board to this Cyclone chip. An FPGA works on the behalf of Logic elements, 
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these are the basic blocks used to build and implement any hardware logic in FPGAs. Figure 3.2 

is showing FPGA specifications and some of them are related to proposed project work. There 

are ten toggle buttons, four push buttons and four 7-segment displays on the board along with ten 

red LEDs and eight green LEDs which can be used to perform either some multiplexer or to 

control other operations according to system‟s requirements. For some advanced operation there 

are available 8MB SDRAM, 4MB of flash memory and 512 Kb SRAM with an extra SD card 

slot. For I/O operations there are 24-bit line in, line out CODEC, one built-in USB blaster and 

VGA port. 

.  

Figure 3.2: DE1 layout and components  
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3.4 TRDB 5M Sensor Pixel Array Structure 
 

Camera sensor used for image acquisition in this project is TRDB 5M [14]. This sensor has a 

total of 256 registers with their values used to complete the camera operations, and DE1 board 

accesses the values from these registers with the help of I
2
C protocol in a 12 bit/pixel fashion at a 

frame rate of 5 frames /sec. TRDB 5M camera can capture up to 50 frames/sec, but in our task 

we maintain it on 5 frames/sec, because when we increase its capture speed, its exposure time 

also decreased which effects on color gain and automatically it effects the output image. 

Figure 3.3 shows pixel array generated by TRDB5M Sensor that consists upon a pixel matrix of 

2752 columns and 2004 rows. Whole area of this matrix is not treated as active region. Active 

region means that area which is considered to display the default output image. This array 

includes 2592 columns and 1944 rows as active region in the center of matrix and rest of area is 

differentiated in two sub areas known as active boundary region and black region. Boundary 

region is also active but it is not used to display the real image to avoid the edge effects, while 

black region are the pixels surrounding boundary region and are not used to display any part of 

the image. 

 

Figure 3.3: Pixel array structure 
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Matrix address (0, 0) shows the first pixel to be generated by camera and is located in the upper 

right corner of array. This address is located in black region but this is the first pixel to be 

generated after the rising edge of pixel clock. 

3.5 I2C Protocol 
 

In early 80‟s Philips designed I
2
C bus. This name is taken from Inter IC and mostly called as IIC 

or I
2
C [15]. It permits simple communication to achieve data communication between 

components that resides on same circuit board. It is not as famous as USB or Ethernet but much 

of electronic devices depend on I
2
C protocol. It is unique in the use of special combinations of 

signal conditions and changes. It entails only 2 signals or bus lines for serial communications, 

one is clock and other is data, clock is recognized as SCL or SCK (for serial clock) and data is 

known as SDA. 

I
2
C protocol uses certain registers for common resolutions, their frame rates, LVAL, FVAL, 

exposure time, green gain, red gain and blue gain. 

3.6 Camera Image Acquisition system 
 

When FPGA gets power to start, system initializes sensor chip and determines mode of operation 

and certain value of registers in image sensor controls corresponding parameters [14]. From 

figure 3.4 it can be seen that LVAL is vertical synchronization signal and FVAL is horizontal 

reference signal, PIXCLK represents pixel output synchronization signal. When FVAL signal 

goes high, camera will starts to get valid data and the arrival of PIXCLK falling edge will show 

that valid data is generated, system transmits data (Pn) when one PIXCLK falling edge arrives. 

When FVAL is high, the system sends out 1280(number of columns) data at the same time, and 

the LVAL will appear 960(number of rows) times high during the FVAL high. One frame image 

with resolution 1280 x 960 is collected completely when the next FVAL signal rising edge 

arrives. 
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Figure 3.4: Frame valid 

3.6.1   Frame Valid 
This hardware pin is asserted during the total No. of active rows in the image. This pin is also 

responsible for the start and end of the pixel stream in the image. This pin goes high only once 

during each image provided by the camera. In figure 3.4, FVAL goes high when camera provides 

image. 

For a complete configuration, we also need to write the valid values for the various configuration 

registers in the camera. For example we configure the camera when to start row and columns and 

what should be the rate of images provided by the camera. Digital and analog gain for the three 

color components are adjusted to give best performance in specific environment. 

3.6.2   Line Valid 
This is the hardware pin on the camera which goes high during the valid pixels in a row of the 

image. This pin is asserted number of row times in the image. For our configuration, this pin is 

asserted 960 times for one image. Each time “line valid” pin goes high, there are 1280 pixels 

transferred by the camera. Each pixel is transferred by triggering the “pixel clock” pin in the 

camera. 

3.7 Bayer to RGB conversion in FPGA 

Image sensor exports the image in Bayer format and in FPGA a Bayer color filter array converts 

Bayer pattern image into RGB. The pattern of this filter shows that half of its pixels are green 

while quarter of the total number is assigned for red and same for blue color. Odd pixel lines in 

the image sensor contain green and blue components, while the even lines contain red and green 

color components. 
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Figure 3.5 shows a bayer pattern filter and each pixel shows only one component of each 

primary color. To convert an image from Bayer format to RGB format, each pixel needs to have 

values of all three primary colors.  

3.7.1    RGB conversion 

Camera is configured in such a way that a Bayer image is getting 960 rows and 1280 columns 

with 5 frames per second. Camera outputs the data in Bayer Pattern format with 12 bit on parallel 

bus. In Bayer pattern format, each pixel contains one of three primary colors, which consists of 

four colors: green1, blue, red and green2. The layout is shown in figure 3.6 that means two of the 

remaining color components are missing in each pixel of Bayer pattern.  

This bayer pattern data is then passed through a module which converts it into RGB values, and 

utilizes four pixels of Bayer pattern format to construct one pixel of RGB. After applying 

Figure 3.6: Bayer image Pixels 

      Figure 3.5: Bayer pattern filter  
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formula, other two component‟s value can be find out. Camera manages green pixels as two 

different colors depending on which line they are coming from. In Bayer format, when 1
st
 

complete row and only first 2 pixels of the second row complete scanning, then filter creates the 

1
st
 pixel of RGB.  

Blue Green1 

Green2 Red 

 

 

Figure 3.7 shows a RGB pixel format. As the second row out of camera completes scanning, first 

complete row of RGB image is created. Similarly with the completion of 3
rd

 and 4
th

 row of Bayer 

pattern image a 2
nd

 RGB pixel row completed. As the pixels are being received by the camera, 

they are simultaneously being transformed into RGB and simultaneously being sent to the 

memory module in the FPGA and this memory module stores this pixel in the external SDRAM 

and so on. 

The total numbers of the color components are four: Red, Green 1, Green2 and Blue (R, G 1, G2 

and B). As a result of making one pixel out of four pixels there will be 3 components in each 

pixel; red, green and blue, as the average of G1 and G2 interpolates for the required value. The 

resulting RGB image becomes half of the original image (Bayer pattern image) received by the 

camera and these represents 480 rows and 640 columns RGB image. It seems that when a Bayer 

image is transformed into a RGB image, some artifacts can appear on new image edges. But in 

our case the objects are big enough that these artifacts are negligible.  

In new image each color component represents 12 bits and overall pixel depth becomes 36 bits. 

So there can be 0 to 4095 different values for each color component. And for full 36 bit color 

cube there could be (2
12

)
3 

= 68719476736 colors. 

Figure 3.7: RGB pixel from 
Bayer format 
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This approach is more significant in quality vise and it takes less computational intensity and 

avoids long buffering and its implementation is considered as cost effective in terms of 

computational time and resources as compared to other algorithms. 

3.8 SDRAM Module 
 

FPGA has an embedded synchronous DRAM (SDRAM) that allows the storage of large amount 

of data and is directly connected to the user FPGA. This data can be accessed at 133MHz clock. 

FPGA process that data in real time, or to create a storage element such as a large FIFO. In the 

task, when first pixel of the RGB image calculates inside FPGA, it is sent to the memory module 

in the FPGA and memory module keeps this pixel in the external SDRAM [16]. In this way, as 

the pixels are being converted into RGB they are simultaneously being stored in SDRAM 

through a 16 bit bus controller. A complete pixel is of 36 bits with each color component (red, 

green and blue) is of 12 bits. SDRAM stores pixel values in 16 bits per clock scenario and a 

complete pixel is being stored in 2 memory locations with 2 clocks. In the task these values are 

being stored in SDRAM for display on monitor purpose by using VGA controllers. By losing 2 

bits from any two color components makes it possible to store whole pixel in 2 memory locations 

and it saves a lot of memory space and allows more pixels to be stored in RAM. By losing 2 bits 

don‟t effects so much for the color efficiency. 

𝐴 12 𝑏𝑖𝑡 𝑐𝑜𝑙𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 212 = 4096  (Full color value) 

𝐴 𝑡𝑤𝑜 𝑏𝑖𝑡 𝑐𝑜𝑙𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 22 = 4 (Data to be lost) 

𝐴 10 𝑏𝑖𝑡 𝑐𝑜𝑙𝑜𝑟 = 4096 − 4 = 4092 (Minor effect after losing 2 bits) 

There are 640 x 480 = 307200 pixels in one image frame and each pixel stores in 2 memory 

locations. Figure 3.8 illustrates how color components are being stored in memory locations. A 

VGA resolution of 640 x 480 pixels with 60Hz is used for display mode on monitor.VGA uses 3 

(for each color component) controllers for read and 3 for write purposes. FPGA includes a 16-pin 

D-SUB connector for VGA output. The VGA synchronization signals are provided directly from 

FPGA and a 4 bit DAC using resistor network is used to produce the analog data signals (red, 
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green and blue). Multiport SDRAM controller is the key to display the data on monitor from 

SDRAM. 

 

Figure 3.8: SDRAM color components division in memory locations 

So there are 307200 x 2 = 614400 locations required for a complete image frame. SDRAM 

controller‟s efficiency affects the bandwidth. The maximum bandwidth for a desired situation is 

given by 

𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡 =   𝑆𝐷𝑅𝐴𝑀 𝑏𝑢𝑠 𝑤𝑖𝑑𝑡 × 𝑐𝑙𝑜𝑐𝑘 × 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 × 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 

                          =    16 𝑏𝑖𝑡𝑠      ×      2 𝑐𝑙𝑜𝑐𝑘 𝑒𝑑𝑔𝑒𝑠         ×        133 𝑀𝐻𝑧    ×       𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 

SDRAM controller can be up to 90% efficient, depending on the situation and it can be low as 

10%.   

3.9 Color Image Segmentation 

In computer vision, division of a digital image into multiple segments is called segmentation. 

The goal of segmentation is to change or simplify the representation of image in a sense that it 
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gives significant information and easy to examine. Normally image segmentation is used to find 

objects, geometry, optical properties and image boundaries. 

 

Figure 3.9: Shapes of objects  

In the project, a linear transformation approach using RGB color space is used. According to the 

object information, it is need to segment blue color on red box in the image. The red boxes are 

labeled with digit zero or one on their four sides with blue color. Figure 3.9 shows both kind of 

objects and these objects are supposed to segment and makes binary image.  

In color image segmentation algorithm, formula takes each pixel one by one and apply algorithm 

on it. If the color belongs to blue color then it makes all the blue colored pixels bright and rest of 

environment black. With this check, when a pixel is being received and it will be filtered for 

Bayer pattern and at the same time its binary image is being created and is being saved in the 

internal memory. Some experiments for color image segmentations have been performed by 

using RGB values.  

3.9.1   First experiment 

In the first experiment, Euclidean distance formula is used to find the distance between target 

color and the received color in the RGB color cube (Figure 3.10). 
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Figure 3.10: RGB color cube 

Let‟s assume that the red, green and blue components of the target color are represented by  

r = red           g = green            b = blue 

And the value for these components produced by the camera is represented by 

R = red           G= green           B= blue 

Then the Euclidean distance between the two points according to the formula is 

D =  (𝑅 − 𝑟)2 + (𝐺 − 𝑔)2 + (𝐵 − 𝑏)2 

By applying the test 

D<T;  where T is threshold on every pixel, a binary image is obtained, see Figure 3.11 

 

Figure 3.11: Constant light intensity  

Figure 3.11 shows a static image of camera and then on right side a binary image is being created 

after applying Euclidean distance formula, result shows that object is detected clearly and 

formula works perfect in particular light intensity. After getting more results at that particular 
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time and it is observed that formula works perfect as long as intensity of light remains constant.  

The values of all three color components remain constant if there is no change in the intensity of 

lights, but if the intensity of light changes; it changes all three color components. In that case, the 

distance between the two points increases and consequently it exceeds the threshold value T. 

Since the sides of the box are changed by the robot, the intensity of light falling on the blue color 

is different in different positions of the box. It changes the value of all three color components 

and consequently it changes the Euclidean distance between the target color and the color in the 

camera, so it becomes improper to segment the target color in all the intensities of light. 

 

Figure 3.12: Color values changed when object is directed to up light 

Figure 3.12 shows that when light falls directly on front side of object, it completely changes the 

color and color values suddenly exceed threshold value. The results obtained by applying 

Euclidean distance formula can be seen in the binary image.  

Figure 3.13 shows different results on different positions of box when object is illuminated from 

light falling from up. It changes the color intensities and exceeds threshold value that effects 

directly on binary images and makes poor results. 
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       Figure 3.13: Different positions of objects in different illuminated conditions 
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As it can be seen in the above results, the distance formula cannot be used in all intensities of 

light because the distance formula only segments the colors which are inside the boundary of the 

color cube defined by the parameters of distance formula. 

3.9.2   Using relative values of RGB 

In this experiment the algorithm is changed for segmenting the color. Instead of using 

normalized values of RGB, relative values of blue and green colors are used to segment the blue 

color. This color image segmentation idea is inspired by Chiunhsiun Lin [8] algorithm and 

proposed scheme is realized after careful observation of inherent properties of RGB color space. 

To apply this algorithm, we observed inherited properties of R, G and B values in different 

illumination circumstances and found they are relatively same in different conditions. Therefore 

we applied some rules on these values and segment the blue color. Table 3.1 is showing some 

different observations on the desired color that need to be segment in the RGB image.  

Observation Red Green Blue Blue/ Green relation 

1 912 620 1117 1.80 

2 921 635 1210 1.936 

3 978 709 1393 1.96 

4 1017 778 1578 2.02 

5 1363 840 1791 2.13 

6 1101 873 1865 2.13 

7 1113 896 1939 2.16 

8 1179 901 2015 2.23 

9 1167 926 2137 2.30 

10 1370 1133 2679 2.36 

11 1529 1248 3062 2.45 

12 1712 1440 3491 2.42 

Table 3.1: Different RGB values at different illumination conditions  
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Table 3.1 shows 12 different observations on the object pixels with altered lighting conditions 

and we find red, green and blue color components. The main purpose to take these values is to 

realize that absolute values of R, G and B are totally different in different illumination conditions 

but on the other hand the relative values between R, G and B are almost unchanged on different 

illumination conditions. 

From the observations we find the input image should not to be too dark and most of times we 

find blue color is always double then green color in the pixels. After comparing these two colors 

their ratios are taken which shows that at lower color intensities, color ratio between blue and 

green color is less than 2 and comparatively as we get higher intensive colors we get ratio more 

than 2.  

In Table 3.1: Row 1-3 shows lower intensity colors and their blue/green ratio is also less than 2. 

Row 4-12 is showing color ratio is more than 2. 

When T=2 

Here T is the threshold value 

S = 1  if  
𝐵

𝐺
≥ 𝑇 

S=0                 if       
𝐵

𝐺
< 𝑇 

A threshold (T) level is set on this algorithm; when blue/green ratio will be more than 2 then 

make pixels bright and rest of pixels should be black conversely when blue/green ratio is less 

than 2 then algorithm doesn‟t segments that pixel. In this way a binary image is created that 

gives robust result in given environment. A Verilog code is shown in figure 3.14 

always @(posedge pixclk or negedge iRST) 

begin 

 if (!iRST) 

 begin 

  red_bit <= 0; 

 end 

 else 

 begin 

  if (Dval)begin 

   data_ready_bit_reg <= 1; 

   if ( (iblue > ((igreen * 2) - 40)) && iblue > 1150) 

   begin 
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    red_bit <= 1; 

   end 

   else 

   begin 

   red_bit <= 0; 

   end 

  end 

  else begin 

   data_ready_bit_reg <= 0; 

  end 

 end 

end 

  Figure 3.14: Color image segmentation in Verilog code 

The advantage of using relative values in the FPGA is efficient resource utilization. To decide if 

the color belongs to the required color, it only needs one comparator instead of first normalizing 

the values then calculating the Euclidian distance and then using the comparator for threshold 

values of the Euclidian distance. Decision is made by using only two color components in each 

pixel. 

Figure 3.15 shows color image segmentation results by using relative values on different 

illumination conditions and objects are detected successfully. 

 

Figure 3.15: Color image segmentation by using relative values of colors 

When, there are two sides of the box in front of the camera, formula works on those pixel that 

have values relatively more than threshold value and ignores less intensive color pixels or lower 

threshold valued.  

In figure 3.16 there are two sides of box and camera can view two sides of a box with 2 objects, 

upper side is illuminated and gives value more than threshold while lower side has less intesive 

colors and value is less than threshold value and is being ignored.   



 
 

34 
 

 

Figure 3.16: Differentiating appropriate color out of more shades 

According to the algorithm as soon as there is higher intensity, threshold value will consider 

pixel as desired pixel and the lower side of the box is being ignored because relative value is not 

set for this kind of position and its values are not coming in threshold set. After its binary image 

whole image data is being stored in external memory (SDRAM) for displaying binary image on 

the monitor. 

3.10   Object recognition by histogram 

There are many ways for object detection or recognition but there is a remarkable success of 

methods using histogram based image descriptors. A histogram is a diagram that presents 

intensities of pixels and calculates object parameters using histogram features. This approach is 

considered as a useful tool for analyzing digital data [17]. 

FPGA‟s internal memory is used to make histogram and there is a synchronous dual port RAM 

where image values are saved and used as a data buffer, i.e. internal RAM accesses the image 

values from binary image and stores them to create histogram of the image. The RAM has 

separate ports for read and writes purpose. [18] 

After color image segmentation, the next module supposed to classify objects and then recognize 

the object whether it belongs to 0 or 1 and the position of object in the image. A histogram is 

created in RAM and it fetches binary image data and calculates results. 
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Figure 3.17: An image frame and binary image detects two objects  

Figure 3.17 shows a RGB image, and a binary image is created for 2 objects from RGB image; it 

is required to know the position of objects in the image and then classify them either which 

belongs to 0 and 1. To understand pixel values, image data is taken from the internal RAM and 

then histogram features are used to detect objects and other result parameters related to object.  

 

      Figure 3.18: Full Histogram for 2 objects 

Figure 3.18 shows an overall histogram of above binary image. Figure presents a histogram with 

its 10 different parameters that are being fetched from internal RAM to show different results on 

histogram. Very left column is showing these parameters and here is a short introduction of these 

parameters: In its row 1
st
, all image column index numbers are presented, 2

nd
 row is presenting 

how many objects placed in these indexes, and 3rd and 4
th

 rows are showing object‟s mean 

position in image on different columns indexes. 5
th

 row shows fall edge after objects detections, 

6
th

 row presents segmented pixel values in each column.  7
th

 row is presenting pixel values that 

lays on x-coordinate of the histogram, row 8 is presenting first object position, row 9 is 

presenting the start and end of objects detection and it also presents how many objects resides on 

these indexes, row 10 is classifying objects according to digit 0 or 1.  
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To see histogram in detail and close view, there isn‟t enough space on page to present whole 

maximized look of histogram at a time so; Figure 3.19 illustrates first object‟s left side with close 

view. 

 

             Figure 3.19: Left side presentation of 1
st

 object using histogram 

Here in Figure 3.19‟s 1
st
 row: column indexes are shown. 2

nd
 row depicts number of objects that 

are in the image, and it shows there are 2 objects located in the view image. 

3.10.1 Thresholding 

A threshold value sets object segmentation to get rid of noise effect. In Figure 3.19‟s third row, a 

signal works according to RAM data and the threshold value, i.e. when pixel value in that 

particular column is higher than threshold value, signal‟s trigger will become active, e.g. we 

suppose to have trigger up when system reads bright pixels of binary image.  

        𝑇 ≥ 𝑄𝑖=1
𝑖>5    𝑤𝑒𝑟𝑒 𝑄 = 25   

A threshold formula is applied here that works when there will be 25 pixels in any column, and 

„Q‟ represents the number of pixels in each column. „i‟ represents the column indexes and in the 

formula, when there will be 5 consecutive columns those occupies pixels more than 25 pixels, 

histogram will start detecting object and it shows object stable position and columns will be 

considered as object columns.  

Figure 3.19 shows object detection using pixel values and column indexes, histogram‟s 3
rd

 row 

shows that trigger goes up when column index number is 130 and pixel value (in diagram‟s row 

6) is 27. When 5 consecutive columns, those gets values more than threshold value, signal trigger 

(in row 4) becomes stable until it do not get 5 consecutive columns that have pixels less than 

threshold values. Figure 3.19‟s row number 6 depicts number of pixels in each column and row 7 

shows the mean position of that object in image. 
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Figure 3.20: Right side presentation of 1
st

 object using histogram 

Figure 3.20 is showing the 1
st
 object‟s right side. 4

th
 row shows that column index 233-238 have 

less value then threshold value, and these indexes have 5 consecutive indexes that have value 

less than threshold values, so at column index 238 the object is no more stable and a fall edge 

appears in figure‟s row at column index 238 that shows that columns are no more stable to detect 

object. Column indexes 232 to 237 occupies less number of pixels than threshold in each column 

(4
th

 row) so trigger will not remain stable anymore and will trigger down, a fall edge (5
th

 row) 

appears when an object fully detected, this fall edge depicts that object is fully detected and also 

counted that one object is detected and it‟s time to detect 2
nd

 object.  

 

Figure 3.21: Close view of 2
nd

 object presentation  

 Figure 3.21 presents 2
nd

 objects close look. In third row trigger is up when value is more than 

threshold value and in 4
th

 row after 5 consecutive columns, object is considered as stable and 

similarly at columns index 526 there are not 5 consecutive indexes that have values more than 

threshold, so after column index 531 trigger goes down and it shows certain object is completely 

detected and until a new object detection trigger remains down.  

3.10.2 Finding object’s position 

Object‟s mean position is a geometric property of any object that gives middle location of an 

object. Center position of object is being calculated on x-coordinates of histogram and 

meanwhile it shows the object exact position located in the image. Here center of object is 
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position of that objects in the image and column indexes are used to find the position. Following 

equations represents object position in the image 

 𝑃 =  
1

𝑇
 𝐶𝑖
𝑇
𝑖=1  

Here „P‟ represents object‟s position, „T‟ represents number of columns that have values greater 

than threshold level, „C‟ represents column index numbers in the histogram and ‘i’ belong to all 

indexes in the histogram that belongs to higher threshold pixel values. The formula gives the 

middle position of the object.  

3.10.3 Object classification 

Figure 3.22 shows anatomy of 2 kinds of objects used in the task. These objects actually belong 

to numeric digits 1 and 0 respectively and they distinguish each other according to height and 

width. The mass distribution of these objects on x-coordinate is described below. 

 

                                    Figure 3.22: Anatomy of digit 1 and 0 

The anatomy of digit one shows, that according to its mass (pixel values per column) distribution 

on x-coordinates, it comes to know that it has more height then its width, e.g. it occupies more 

pixels in each of its column and numbers of columns are representing the width of digit 1 on x-

axis. In case of digit zero (0), according to mass distribution, all the columns that occupies pixels 

are the width of digit zero, while in each column there are different number of pixels. Most of the 

columns occupy less number of pixels that shows a less average height of pixels and overall 

height of the digit zero shows that it has less height than its width.  
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This logic makes an algorithm where height and width are compared for objects classifications 

according to ratio formula. Consequently, the mainly functional measurement is the width to 

height ratio.  

3.10.3.1 Finding the width of the object 

The data stored in the histogram can be used to calculate the width of the objects. By comparing 

the widths of objects with each other, we can roughly estimate if a certain object belongs to zero 

or one. To find the width of each object in the image, we calculate the number of columns that 

constitute the objects. Total number of columns in the object will represent the total width of that 

object and these values are calculated on x-coordinates. 

E.g. in figure 3.21, there are 21 columns those presents the object and that is actually width of 

that object. If „T‟ is the number of columns that have values greater then threshold value than 

width „W‟ is. 

𝑊 = 𝑇 

3.10.3.2  Finding the height of the object 

The value at each index in the histogram represents the total number of pixels at that index. By 

calculating the average number of pixels from all these continuous columns, we can estimate the 

height of each object.  

To make it more understandable, it is presented on the graph 3.1 and image data is taken from 

RAM that is shown in Table 3.2. Graph represents the height of pixels on x-coordinates that can 

be considered as height of the object for object classifications.  
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In case, when object classifies object as one (1) 

 

 

 

 

 

 

 

Graph 3.1: Graphical view of column vs pixels (when object classifies 1)  

Figure 3.23 shows binary image of an object and Graph 3.1 presents its pixel values according to 

columns. In the graph; different blue dots are representing pixel values (y-coordinate) at columns 

indexes 506-526 (x-coordinate); here we can see average height of the object is approximately 

with 81 pixels and is presented with a straight line, while on x-coordinate we are getting width of 

object according to number of columns. There are 20 columns those have pixels values more 

than threshold value, so width of the object is considered as 20. So here we can just easily getting 
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506 29 517 98 

507 57 518 99 

508 72 519 98 

509 80 520 97 

510 83 521 97 

511 90 522 97 

512 93 523 94 

513 96 524 67 

514 98 525 48 

515 99 526 26 

516 100 

  
Table 3.2: Columns taking pixels                 Figure 3.23: Binary image when object is 1 
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idea that height is almost four times to width in case when object is 1. So it‟s easy to understand 

that when height is more than width then object is considered as 1. So object is classified as 1 if 

condition is:    

𝑤𝑖𝑑𝑡 < 𝑒𝑖𝑔𝑡 

We used this formula in histogram; Figure 3.24 shows histogram row (10) and it classifies object 

when above condition become true, the trigger becomes higher and it classifies object as 1.  

 

Figure 3.24: Object classification when object represents 1 

A circle in the figure represents that object is 1 and same time trigger is also up. In histogram 

representation, when trigger goes up, it represents that object is classified as 1.    

In case, when object classifies as zero (0) 

  

 

 

Col- 
umn pixel 

Col- 
umn pixel 

Col- 
umn pixel 

Col- 
umn pixel 

Col- 
umn pixel 

Col- 
umn pixel 

131 27 148 71 165 56 182 57 199 59 216 76 

132 32 149 61 166 58 183 56 200 53 217 80 

133 37 150 56 167 57 184 57 201 54 218 84 

134 42 151 56 168 57 185 53 202 55 219 85 

135 46 152 53 169 57 186 54 203 57 220 79 

136 49 153 50 170 58 187 56 204 56 221 80 

137 56 154 50 171 57 188 57 205 57 222 71 

138 61 155 49 172 56 189 58 206 57 223 69 

139 68 156 49 173 54 190 59 207 57 224 66 

140 71 157 51 174 53 191 60 208 56 225 63 

141 75 158 53 175 55 192 55 209 60 226 61 

142 77 159 54 176 56 193 56 210 64 227 57 

143 83 160 54 177 57 194 59 211 65 228 53 

144 84 161 54 178 56 195 58 212 76 229 48 

145 86 162 56 179 56 196 57 213 74 230 44 

146 88 163 57 180 54 197 58 214 75 231 34 

147 89 164 56 181 55 198 58 215 77 232 28 
Table 3.3: Column vs pixels (Object 0)  

    Figure 3.25: Binary image of object 0  
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                 Graph 3.2: Graphical view of column vs pixels (when object classifies 0) 

Figure 3.25 shows a binary image of object zero (0) and table 3.3 shows columns and their 

corresponding pixels according to threshold level. Graph 3.2 illustrates table values on a graph 

according to pixels with columns. In the graph there are total numbers of 102 columns indexes 

(131-232) and they occupy pixels. These 101 columns represent the width of the object. In the 

graph there are more pixels in outer columns and less pixels in inner columns, this is because 

zero has space and inner columns don‟t have much pixels as compared to outer columns. So the 

average pixel value is less on x-coordinates. So from graph we can see average number of pixels 

between these columns is almost 59 that showed with a straight line and it shows object‟s height 

that is less then width. So here we come to know  

Object classifies as 0 if: 

𝑤𝑖𝑑𝑡 > 𝑒𝑖𝑔𝑡 
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Histogram applies this logic for object classification and finds that object belongs to 0 (zero).

 

Figure 3.26: Object Classification when object is 0  

In the histogram, figure 3.26‟s last row shows object is 0(zero) when trigger is down and it is 

highlighted with a circle.  

For the object classifications, Verilog code is shown in figure 3.27. 

always @(posedge iclk) 

begin 

   if (y_pixel == 1 && x_pixel == 1) 

   begin 

    req_row <= 0; 

    row_count <= 0; 

    total_row_pix <= 0; 

   end 

   else if (x_pixel == 637 && req_pixel_count > 15) 

   begin 

    total_row_pix <= total_row_pix + req_pixel_count; 

    req_row <= req_row + 1; 

    row_count <= row_count + y_pixel; 

   end 

   else 

   begin 

   total_row_pix <= total_row_pix; 

   req_row <= req_row; 

   row_count <= row_count; 

   end  

end 

  Figure 3.27: Object classifications in Verilog code 
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3.11 Black Board 

A histogram calculates object features and sends results to a module created that is called Black 

board. Black board is a bidirectional register that stores results; Black board stores different 

values related to object and sends at the serial port serially and microcontroller reads these values 

for robot navigation according to objects. Black board in interfaced with a SAM7-P256 

development board (microcontroller) with a serial port RS-232. FPGA can also fetch black board 

results for display on its 7-segment LED display.  

3.11.1 7-Segments display 
All results can also be shown on DE1 board by setting its input toggles switches for specific 

results on 7-segments display. There are four 7-segments displays on the board and are arranged 

into a group of four. Each segment in a display is identified by an index from 0 to 6 LED‟s that‟s 

why it‟s called 7-segments. Figure 3.28 shows FPGA‟s 7-segment display. 

 

Figure 3.28: LED’s for 7-segment  

The DE1 board provides 10 toggle switches or select lines, called SW9−0, which can be used as 

inputs to a circuit. A multiplexer is used to display different results on 7-segment display. 

Multiplexer is a combinational circuit that selects binary information from one of the many input 

lines and directs it to a single output line. Table 3.4 shows 8 different inputs on 3 switches. 

 

 

 



 
 

45 
 

 

 

 

 

 

 

Table 3.4: Select lines and Inputs  

There‟s need to display 8 important objects features on FPGA‟s 7-segment display screen, so 

binary inputs can be 2
3
 =8, so 3 toggle switches are used for getting 8 important result 

parameters. A multiplexer is created here to use 3 select lines (toggle switches) for 8 inputs. With 

the selection of different select lines (according to binary inputs), result displays as an output on 

7-segment display on FPGA. These select lines are associated with switches on the FPGA board. 

And the output of the multiplexer is routed to the 7- segment displays on the board. For input we 

used switches (select lines) S6, S5 and S4. Table 3.4 shows few features at a moment cause of 

limited toggle switches can fetch 8 outputs only but all results parameters are going precisely on 

serial port.  

Multiplexer uses FPGA‟s switches to fetch desire results from Black board and can display those 

results on FPGA‟s 7-segments display. 

 

Figure 3.29: Multiplexer with 8 inputs and 3 switches 

No. of inputs S6 S5 S4 Output (Y) 

0 0 0 0 1
st

 Object Position 

1 0 0 1 2
nd

 Object Position 

2 0 1 0 3
rd

 Object Position 

3 0 1 1 Total number of objects 

4 1 0 0 1
st

 object Classification 

5 1 0 1 2
nd

 Object Classification 

6 1 1 0 3
rd

 Object Classification 

7 1 1 1 4
th

 Object Classification 
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Figure 3.29 shows a multiplexer with 8 inputs on 3 toggle switches. The seven segments were 

driven individually through separate I/O pins of FPGA. If we do just like that then for 4 seven 

segment LED display, 28 I/O pins are required, which is quite a bit resources and is not 

affordable. That‟s why a multiplexing technique is used for driving multiple seven segment 

displays.  

3.11.1.1 Object position 
When FPGA‟s select switches gives input (0 0 0), position of 1

st
 object will appear on 7-segment 

display like following image. 

Figure 3.30 shows the position of 1
st
 object, which is displayed on 7-segment. Here data is 

sampled for 1 byte because all different result parameters are transferring to serial port in a series 

of 1 byte. On the FPGA 7-segment display object position is 73. Actual position of the object can 

be calculated according to following formula. 

=
𝑁

𝑆
.𝑅 

𝑤𝑒𝑟𝑒  

𝑁 = 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑢𝑎𝑙 𝑐𝑜𝑙𝑢𝑚𝑛𝑠 

𝑆 =  𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑑 𝑐𝑜𝑙𝑢𝑚𝑛𝑠 

𝑅 = 𝑟𝑒𝑠𝑢𝑙𝑡 𝑜𝑛 7− 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 𝑑𝑖𝑠𝑝𝑙𝑎𝑦 

             Figure 3.30: 1
st

 object’s position on 7-segment display 
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= (
640

255
) × 73 

= 183.2 

So, 183.2 is the column number where object is supposed to be placed and it is the position of 

object.  

3.11.1.2   Total number of objects 
 

When input on switches is (0 1 1) 

 

Figure 3.31: Number of objects on 7-segment display  

When input on switches is 0 1 1 then, display screen displays information about how many 

objects resides in the image. Figure 3.31 shows there are 2 objects front of the sensor and 7-

segments displays 2.  

3.11.1.3 Objects classification 
 

When input on switches is 1 0 0 (1st object Classification) 

When inputs on the switches are 1 0 0 then 7 segment screen displays the classification of 1
st
 

object and very left side object is always considered as 1
st
 object. Figure 3.32 shows the 

classification of 1
st
 object that can be displayed on FPGA‟s 7-segment display. The result on the 

screen is 48 and it represents 0 in ASCII characters. So object is considered as 0. 
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When input on switches is 1 0 1 (2nd object classification) 

Figure 3.33 shows classification of 2
nd

 object when input values on switches are 1 0 1 

respectively. Screen displays 49 in a decimal that represents ASCII character 1, so here object is 

classified as 1.  

 

 

 

 

 

 

 

 

3.11.2 Transferring the Data from FPGA to Microcontroller 
 

Figure 3.34 shows proposed intelligent sensor that is interfaced with a SAM7-P256 development 

card (microcontroller) with a serial port RS-232 and is retrieving data from Black board module. 

Figure 3.32: Left object classification 
Figure 3.33: Right object classification  
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                                                                Figure 3.34: FPGA interface via Serial port RS-232 

The values stored in the black board are sent to the microcontroller with the same rate as camera 

captures the image. All result parameters are sent to the microcontroller with the help of serial 

port (RS-232).  The DE1 board uses the MAX232 transceiver chip and a 9-pin D-SUB connector 

for RS-232 communications. It allows bidirectional full duplex communication and can have 

maximum speed of roughly 10 KB/s [19]. The values stored in the black board are shown in 

Table 3.5. 

Serial No. Parameter Range of values No. of bytes 

1 Total No of objects 0 to 255 1 

2 Position of 1st object 0 to 255 1 

3 Position of 2nd Object 0 to 255 1 

4 Position of 3rd Object 0 to 255 1 

5 Position of 4th Object 0 to 255 1 

6 Classification of 1st object 0 to 255 1 

7 Classification of 2nd object 0 to 255 1 

8 Classification of 3rd object 0 to 255 1 

9 Classification of 4th object 0 to 255 1 

Table 3.5: Black box data 

Computer needs at least several bits of data and data is serialized before sent, and it sends all 

result parameters in one chunk. In serial port 9 values are being transferred with same precise 

pattern as in table above and each state is presenting result in one byte (8 bits).  

This interface uses an asynchronous protocol, which means that data is being transmitted without 

any clock signal and receiver have a way to time itself for incoming data bits. Microcontroller 

can use these results to navigate the robot. 
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Chapter 4 

Conclusion and Future work 

4.1 Conclusion 
 

This project presents an intelligent image sensor for an autonomous mechatronical robot with the 

help of field programmable gate array (FPGA). A digital camera is used as an input to the sensor, 

and outputs are the detected objects along with their positions, recognition and how many are 

they in field view at that specific time. The proposed task was an updating of pre-practiced work 

implemented on DSP kit. Major changes took place in hardware and algorithms to modify 

previous work. A color image segmentation algorithm is applied for object detection based on 

the derived inherent properties of RGB color space. The proposed algorithm is very robust to 

numerous illumination conditions despite operating directly on RGB color space without the 

need of any color transformation.   

SAM 7 board is used to carry out the assignments, and Altera FPGA DE1 board is used as a 

development board for the specific task. This board was preferred because of different features 

associated with it. It‟s an ideal platform for learning and education purpose with a great amount 

of logic elements and connection pins for creating new hardware inside this board. A 5 

megapixel digital camera is interfaced with FPGA that makes platform as an image sensor, and 

Bayer patterned images were transferred at a constant rate of 5frame/sec, while I
2
C protocol was 

used for communication between image sensor and development board. Different red boxes with 

blue digits (zero and one) are as an input to the sensor and color image segmentation was used to 

detect digits while histogram features where used to classify the digits into classes zero and one.  

Two approaches have been examined and analyzed for color image segmentation using RGB 

color space, Euclidean distance formula and relative values. After comparison of results, second 

approach proved as a better solution to the task because of its better performance and simplicity 

in implementation. The algorithm is designed to segment the image, by calculating a specific 
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ratio between blue and green colors. Binary image was designed immediately after the color 

image segmentation and then used for object classification. 

In order to detect and classify objects in the image, histogram was calculated for each image 

frame. Main parameters used in the algorithm were Height and Width; a comparison method is 

used to classify the object; belonging to zero or one digit. 

4.2 Future plans 
 

In future more advanced image processing algorithms can be tested and embedded on FPGA, 

because there is enough space left in the board. Moreover, RGB color space can also be 

transformed to some other color space for non-linear color image segmentation and objects 

detections. The accuracy of color image segmentation affects the results of feature extractions 

and object following. In proposed object classification algorithm, there are some limitations that 

can be improved. Concurrently, when objects are too far to the right or the left from the camera, 

the object classification goes wrong.  

Moreover, object classifications can also be improved by using some statistical approach in 

finding nature of distribution of digits or intersections of digits and alphabets, so different kind of 

representations of the objects would also be classified in new techniques. 
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