
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Master report, IDE 1219, May 2012 

Embedded & Intelligent Systems 

Object Tracking Using FPGA 

(An application to a mobile robot) 

 

Muhammad Shahzad 

M
a

s
te

r 
th

e
s
is

 

S
c
h

o
o

l 
o

f 
In

fo
rm

a
ti
o

n
 S

c
ie

n
c
e

, 
C

o
m

p
u

te
r 

a
n

d
 E

le
c
tr

ic
a

l 
E

n
g

in
e

e
ri
n

g
 



 
 



 

 

 

Object Tracking Using FPGA 

(An application to a mobile robot) 

 

 

 

 

 

Master Thesis Report 

May 2012 

 

 

 

 

Author: Muhammad Shahzad 
Supervisor: Kenneth Nilsson 
Examiner: Antanas Verikas 

 

 

 

 

 

 

 

 
School of Information Science, Computer and Electrical Engineering 

Halmstad University 

PO Box 823, SE-301 18 HALMSTAD, Sweden 



i 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright Muhammad Shahzad, 2012. All rights reserved. 

Master Thesis  

Report, IDE1219 
School of Information Science, Computer and Electrical Engineering  

Halmstad University 



ii 
 

Preface 
This Master’s thesis has been conducted at the School of Information Science, 

Computer and Electrical Engineering Halmstad, as the partial fulfillment for the 

requirement of the degree program. It is an application to control a mobile robot by 

tracking the position of colored object associated with the hand of input user. 

The thesis work has been supervised by Dr. Kenneth Nilsson.  
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Abstract 

Object tracking in real time video is used to control the direction and to change the 

speed of a small two wheeled robot. The direction and speed of the mobile robot is 

controlled by tracking the position of the colored objects associated with the hand of 

the input user. 

An FPGA is used to track the position of the objects in the images generated by the 

digital camera. Images received by the camera are in the form of Bayer pattern 

which are then transformed into RGB color space. To get a binary image out of the 

RGB image, color space is transformed into HSV so as to improve the result of color 

segmentation in different light intensities. After the binary image is generated, 

projection histograms are used to track the positions of the objects. Different 

positions of the objects are associated with different instructions which are sent to 

the robot. The robot receives these instructions through wireless transceiver and 

the controller inside the robot decodes these instructions and acts accordingly. 

By changing the position of the objects, the robot can be moved forward with slow 

or high speed, stopped, turned left or right with different angles, moved in reverse 

direction and can be rotated clock-wise or in counter-clock wise direction.  
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1 INTRODUCTION 

1.1 Mobile robots 

As the technology is expanding, the use of mobile robots is becoming more common. 

Mobile robots are being used in industrial environment for the transportation of the 

products. Being smaller in size, these robots can efficiently be used in limited spaces 

like in a mine or parcel storage compartment.  

A widely used application of these kinds of mobile robots is autonomous vacuum 

cleaner. These robots are programmed to perform their task of cleaning according to 

the environment. To sense the environment they use various kinds of sensors, for 

example infra-red sensors which are used for obstacle avoidance. To enhance the 

functionality of sensing the environment and autonomous navigation, mobile robots 

are equipped with many modern sensors like digital camera, LASER sensor, infra-

red sensor, accelerometer, gyroscope and digital compass.  

The functionality of the system is illustrated in the figure below: 

Controller 

Actuators

ROM

Data

Sensors

Infra redLASERAccelerometer Digital compass Visual sensor

Transceiver

 
Figure 1-1: Robot control system 

Figure 1-1 shows the various blocks which are used for the robot navigation. The 

action of these mobile robots depends upon the application. In some applications, 

the robots are autonomously performing their tasks. The task is programmed in the 

controller of the robot and the controller might use some ROM to store the various 

instructions to control the actuators. For a reliable navigation, the robots use 

different sensors to avoid the obstacles, see Figure 1-1. 
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In a user controlled environment, these robots receive the instructions about the 

tasks at run-time. To communicate with the controlling user, the robots normally 

use wireless transceivers for receiving the instructions for the action and sending 

back the data to the user. This data may be collected from different sensors mounted 

on the robot or it may be some other data generated within the robot. In a user 

controlled environment, this data might be the position and orientation of the robot 

which the robot collects from various sensors. 

1.2 Human-computer interaction 

In human-computer interaction system, user mostly interacts with the system by 

using some external input device. The range of these input devices is expanding as 

the technology advances. The most common example of these input devices for the 

use in personal computers is key board, mouse and trackball.  

Electronic system

Wired interfaceWireless media

input

Radio Micro wave Keyboard Infra-red Mouse 
Digital 
camera

Decoder 

 
Figure 1-2: Various input devices for electronic control system 

The input to an electronic control system can be given using many other electronic 

devices, see figure 1-2. In case of electronic thermometer, the system collects the 

input from temperature sensor. Speedometer in the vehicles collects the input from 

the sensors which might compute the result by measuring the angular velocity of the 

wheels.    

As a result of massive research in the field of computer vision, digital cameras are 

becoming a common source of input devices to many electronic systems. A common 

example is the use of vision system for item grading on conveyer belts. The system 

grades the items on the basis of color, shape or the combination of both using a 

digital camera as a system input. Digital cameras are widely used in many 

surveillance systems where they detect and track the position of the objects of 
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interest. They are also used in vehicle traffic control system which identifies the 

vehicles by extracting the information on the number plates of the vehicles. 

1.3 Proposed work and its background  

The main idea is to control the actions of a mobile robot by a remote user without 

using any traditional input device i.e. keyboard, mouse or trackball on the remote 

user control side. Human hand gestures should be used instead. By using only hand 

gestures, we want to move and stop the robot, turn left or right at different angles 

and also change the speed of it.  

 
Figure 1-3: The robot used for the implementation 

Figure 1-3 shows a small two wheeled robot which is used as educational tool for 

the development of embedded systems at Halmstad University, Sweden. The robot is 

equipped with many peripherals for controlling the position and the speed. Infrared 

sensors on the top of the robot are used for obstacle avoidance. It has built-in 

controller for the two DC motors connected with the two wheels and has a freedom 

to move in any direction and rotate by changing the speed and orientation of the 

wheels. The robot also has a wireless transceiver which is used to communicate with 

the base station. 

A = Ethernet B = RS-232      C  = 2,4 GHz Radio link

ProjectPC (1)

Robot (n)

ProjectPC (2) ProjectPC (n)

Robot (2)Robot (1)

Base station (n)Base station (2)Base station (1)

SystemPCcamera

. . .

. . .

. . .

A 

B B B 

C C C 

. . .

 
Figure 1-4: Block structure of the system used for the mobile robot 

Figure 1-4 shows the block structure of the whole system used in the university. 

There is a digital camera mounted in the ceiling of the field where the robots are 
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moving. The camera is linked with the SystemPC and all the ProjectPC’s are taking 

the data from the camera and the SystempPC. A base station in form of an embedded 

system development kit is connected to each ProjectPC. It works as a bridge for the 

communication between the ProjectPC and the mobile robot. The user monitors and 

controls the action of the robot from the ProjectPC. This base station gets the 

instructions from the ProjectPC and communicates with its relevant robot through a 

wireless transceiver.  

The camera takes a continuous stream of images of the field where the robots are 

moving and sends it to each ProjectPC via Ethernet link. In the ProjectPC, the data 

from the camera is processed with the help of Matlab software to find the position 

and orientation of each robot in the field.  

The proposed idea of driving the robot is taken from the system shown in figure 1-4. 

We want to control the same robot without using ProjectPC and SystemPC. To send 

the instructions of controlling the robot to the base station, use of human hand 

gestures is proposed. To process the images from a digital camera at run time, a 

Field Programmable Gate Array should be used because it offers better performance 

to process the real-time images due to its massive parallel architecture and 

dedicated logic resources for implementing digital signal processing. 

To control the direction of the robot, a discrete colored object on the user’s hand 

could be used. Moving the colored object in right direction should instruct the robot 

to move in right direction and vice versa, see figure 1-5. 

 
Figure 1-5: Colored objects used to control the robot 

 The robot should be started or stopped by finding the presence of the colored object 

in the images taken by the camera. We can use a second object of a discrete color in 

the image to have more control to drive the robot. For example if the green colored 

object is controlling the direction and start/stop of the robot then the presence of 

red color could be used to change the speed, move backward and to rotate the robot 

in any desired orientation.  
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2 RELATED WORKS 

2.1 Object tracking 

Object tracking often involves the use of a camera to capture the motion of the 

objects which are to be tracked. It is used to find the position of the objects in the 

image. Different positions of the objects can be classified as different signals to a 

system which is using the object tracking. 

It is an important task in the field of computer vision. The availability of cheaper 

cameras and advances in the algorithms of image processing has made the use of 

object tracking in a large number of real life applications. 

In an object tracking algorithm, object can be anything that is of interest for further 

analysis. Representation of the objects in the image can be in many different forms. 

Normally objects are represented by their shapes and their appearances. In an 

image, the position of an object of interest can be represented by a point (centroid) 

or a set of points.  In General, point representation is good for tracking objects that 

occupy small regions in an image [1]. Sometimes the objects are also represented by 

a rectangle or ellipse in the image.  

2.1.1 Similar works for object tracking 

There are many research papers in which object tracking is implemented on the 

video frames. Conventional way of object tracking is to use difference image which is 

to observe the difference between the current image and the previous image. 

Yiwei Wang and John F. [2] used object tracking based on motion of the objects 

between frames. 

C.T. Johnston and D.G. Bailey [3] implemented color segmentation based object 

tracking using FPGA. They transformed the RGB color space into YUV for labeling the 

pixels. To filter the noise pixels, they used morphological filtering by taking 2x2 

structuring element.  

Marco Krips, Thomas Lammert, and Anton Kummert [4] used neural-network for 

real-time hand tracking system. They used single-pixel-based classification for the 

image segmentation such that the whole image or a part of it is not required to store 

in the memory. The algorithm was implemented on FPGA. 

K. Yamaoka and T. Morimoto [5] implemented image segmentation and pattern 

matching for Real-time object tracking on FPGA. In their approach, they employed 

image segmentation on each frame and extracted a number of features for all 

segmented objects. These features are compared with features of the previous 

frames for position estimation of the object. 
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In the first step they segmented the image to extract all the objects in the image. 

Secondly they calculate 4 points belonging to the object in figure 2-1(a). These 

points are Pxmin, Pymin, Pxmax, Pymax. 

 
Figure 2-1: Definition of four feature-positions, motion vector and estimated position [5] 

To find the height, width and position of the object they used the four points in 

figure 2-1(a) as follows: 

      
            

 
     (2.1) 

      
            

 
     (2.2) 

                       (2.3) 

                            (2.4) 

Equation (2.1) and (2.2) represent the position of the object. Height and width of the 

object are calculated as in equation (2.3) and (2.4) respectively. 

They also estimate the position of the object in two consecutive frames. To be able to 

estimate the position, they calculate a motion vector, see figure 2-1 (b).  

Ehsan and Abbas [6] used Gabor Filters for the object tracking algorithm. They used 

bank of complex Gabor filters to decompose the incoming image and extracted local 

oriented energy features for every single pixel in the image. 

2.2 Gesture interaction 

2.2.1 Similar works for controlling robots 

Sue Han Lee, Soon Nyhean, Chee Pun, Wei Heng [7] implemented real-time hand-

gesture recognizer system on FPGA. They used SudoGlove for the hand 

segmentation and used the system as an application to control an RC car. 

Manigandan M and I Manju Jackin [8] used a wireless camera for the recognition of 

hand gestures which control the actions of a remote robot. 



7 
 

Giuseppe Broccia, Marco Livesu, and Riccardo Scateni [9] presented their work in 

which they controlled the motion of a humanoid robot with the help of human 

gestures, see figure 2-2. 

 
Figure 2-2: Humanoid robot [9] 

In their paper they present a novel, cheap, humanoid robot implementation along 

with a control and interaction interface which allows users to control it just by 

standing in front of a depth camera and mimicking the task to be performed. 

The robot has RGB camera mounted on its head and the main task of the robot is to 

reproduce the gestures made by a user standing in front of it. The user must stand in 

front of the robot assuming a calibration position i.e. with arms parallel to the 

ground and forearms perpendicular, see figure 2-3. 

 
Figure 2-3: Calibration Gesture to start a run for the humanoid robot [9] 

In the humanoid robot there are six servos which control various movements in 

different parts of it. Users should only mimic the gesture which the robot should do.  

Aysun [10] has used a different approach to move the robot forward, backward and 

rotate it left and right. Instead of using visual system, Wii remote controller is used 

to interact with the robot in figure 2-4. 
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Figure 2-4: Wii robot [10] 

Wii remote controller in figure 2-5 has built in accelerometers which can sense the 

motion of the remote in a space. To recognize the gestures, K-nearest neighbor and 

sum of square algorithms are used. 

 
Figure 2-5: Wii remote controller [10] 

In the first step the controller is trained for four types of gestures. To train it there 

are different steps to follow: first the training option is chosen by pressing button 1 

and then the move command is chosen by pressing any direction key on the remote. 

After that the gesture is recorded by pressing button A and gesture is made during 

the time the button A was pressed. 

The robot was tested to take four different commands to move forward, backward 

and rotate left and right. 
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3 METHODS  

3.1 Controlling the robot with gestures 

The task is to control the motion of the robot by changing the position of user’s 

thumb. The thumb is marked with green color. The user places his/her hand on a 

stable surface (base) and rotate the thumb in a semi-circle, i.e., from 0o to 180o. This 

position is shown in figure 3-1.  

This approach of controlling the robot with hand gestures  is similar to the one used 

by S. H. Lee, S. Nyhean, C. Pun and W. Heng [7] in which they generated only 4 

different signals for moving the robot in reverse, forward, left and right direction 

using SudoGlove. In this thesis work, we want to achieve more control (rotate left or 

right and move with different speeds) without using SudoGlove. 

c

 
Figure 3-1: Rotation of thumb to turn the robot 

A camera is placed in front of the thumb which captures its movement. An FPGA 

device translates this motion and transmits some encoded signals to the target robot 

which changes its position accordingly. 

The camera captures a two-dimensional image of the hand. The semi-circular 

rotation of the thumb decides the movement of the robot. This rotation is divided 

into seven (07) segments. Each segment defines a certain range of angle of rotation 

of the thumb. This division is shown in figure 3-2(a). 

7

6

5
4

3

2

1
c

(a) (b)
 

Figure 3-2: Mapping segmented window on the image 

For each range of a given segment, a certain value is assigned. This value will decide 

the angle of rotation of the robot. The segment, its associated image and the angle of 

rotation of the robot is illustrated in Table 1. 
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Figure 3-2(a) shows the different segments of the same size of window as the size of 

the image received by the digital camera. This window of different segments is then 

mapped to the image of the digital camera in such a way that the intersection point 

of all the lines lies at the point where user places the hand with the object, see figure 

3-2(b). The position of the green object in each segment produces a discrete value 

for the robot to turn. 

Position of object in 

segment No. 
Robot action 

1 Move left at angle 60 degree 

2 Move left at angle 45 degree 

3 Move left at angle 30 degree 

4 Move forward if the green object is present else stop the robot 

5 Move right at angle 30 

6 Move right at angle 45 

7 Move right at angle 60 

Table 1: Relation between object position and the robot action 

(a) Move forward (b) Stop the robot

(c) Move right at angle 30 degree (d) Move left at angle 30

(e) Move right at angle 60 degree (f) Move left at angle 60 degree

 
Figure 3-3: Hand gestures and the robot actions 
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Table 1 shows the relation between the position of green object in different 

segments and the resulting robot action. In segment 4 the presence of green object 

moves the robot in forward direction and if the object is not present in the image, 

the robot is stopped. Figure 3-3 elaborates the relation between positions of the 

green object and the resulting robot actions. 

By using the green object in the proposed way, we are able to start/stop the robot 

and turn it left and right with different angles as described in Table 1. 

In some cases, it is required to change the speed of the robot and also to rotate it in 

any desired direction without changing the position. To be able to achieve the task of 

changing the speed and the rotation of the robot in any direction, another object of 

red color on the hand of the input user is introduced, see figure 3-4(a). Now the 

presence of the combination of the two objects in the segments of figure 3-2(a) 

produces the additional instructions for the additional control of the robot like 

changing speed, moving backwards and rotating it. 

Segment No. Object 2 (red) Object 1 (green) Robot action 

for all segments 0 0 Stop the robot 

 

1 

0 1 Move left at angle 60 degree with speed S1 

1 0 Rotate in left direction 

 

2 

0 1 Move left at angle 45 degree with speed S1 

1 1 Move left at angle 45 degree with speed S2 

 

3 

0 1 Move left at angle 30 degree with speed S1 

1 1 Move left at angle 30 degree with speed S2 

 

4 

0 1 Move forward with speed S1 

1 1 Move forward with speed S2 

1 0 Move back (reverse) 

 

5 

0 1 Move right at angle 30 degree with speed S1 

1 1 Move right at angle 30 degree with speed S2 

 

6 

0 1 Move right at angle 45 degree with speed S1 

1 1 Move right at angle 45 degree with speed S2 

 

7 

0 1 Move right at angle 60 degree with speed S1 

1 0 Rotate left 

Table 2: Relation between the presence of both the objects in the image and robot action 
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Table 2 shows the relation between the presence of the combination of the objects in 

the segments and the resulting robot action. Table 2 is actually a modified version of 

Table 1. If the red object is not present in Table 2 then the action of the robot 

produced by the algorithm are exactly the same as that in Table 1, observe the ‘0’ 

and ‘1’ combination for the red and green object in Table 2 respectively.  

By using one object (green), the total instructions generated were 8 (seven 

instructions for presence of the object in 7 different segments and 8th instruction on 

the absence of the object in any segment) and with the addition of second object 

(red) we can generate 22 different instructions for the robot control. There can be 

three different combinations of the two objects in each segment and the absence of 

both the objects in any segment produces only one instruction, see Table 2 first row. 

(a) Move forward with speed S2 (b) Move backward (reverse)

(c) Move left at angle 30 degree with 
speed S2

(d) Move right at angle 30 degree 
with speed S2

(e) Rotate right (f) Rotate left
 

Figure 3-4: Combination of the two objects and the robot action 

In Table 2, it can be seen that all the three combinations for the objects in each 

segment are not practically implemented. The presence of red object along with 

green object only increases the speed of the robot which is represented by S2. But in 

case of segment 1 and segment 7, the presence of red object along with green object 
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makes no difference because for those segments, the robot in instructed to turn at 

angle 60 degree left and right respectively and it is not practical to increase the 

speed at that angle. The presence of red object in the absence of green object in 

segment number 4 generates the instruction to move the robot in reverse direction, 

see figure 3-4(b).  Similarly the presence of red object along with the absence of 

green object in segment 1 and segment 7 is used for the rotation of the robot, see 

figure 3-4(e) (f). 

Figures 3-4 show the relation between the position of both the objects and the 

resulting robot action. (All the actions in Table 2 are not shown in the pictures). 

While driving the robot as proposed in the pictures of figures 3-3 and 3-4, it is 

important to consider that if both the objects are present in the image, they should 

be in the same segment at the same time. If they do not appear in the same segment 

then the algorithm will consider only green object and no matter where the red 

object is, it will be ignored. 

3.1.1 Mapping the object positions to the segments 

The image captured by the digital camera is actually divided into seven different 

segments as depicted by figure 3-2. The position of the object in any place within a 

certain segment generates a discrete instruction. To associate all the positions 

within a specific segment to a discrete instruction, the angle of the object is 

calculated using the convention as illustrated in figure 3-5. 
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Figure 3-5: Transformation of coordinates to find the angle 

The images received by the digital camera have resolution of 640 columns and 480 

rows. We transform the row and column index to a rectangular co-ordinate space. 

Let x and y be the column index and row index of the central position for the object 

respectively. The rectangular coordinates x0 and y0 to calculate the angle can be 

calculated as in equation (3.1) and (3.2). 

x0 = {
                          
                            

    (3.1) 
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y0 = 480 – y + c     (3.2) 

In equation (3.2) ‘c’ is the calibration constant for the height of base of the hand, see 

figure 3-1. 

The angle ‘α’ can be calculated as: 

   α   = {
         (

  
  
)                              

      (
  
  
)                      

   (3.3) 

By doing this, all the positions in a certain segment can be represented by one 

parameter i.e. angle α as calculated in equation (3.3). 

3.2 Tracking the positions of the objects 

The images received by the digital camera are being received at a continuous rate 

and we need to track the position of the specified objects in the images. The 

conventional approach to object tracking is based on the difference between the 

current image and the background image. However, algorithms based on the 

difference image cannot simultaneously detect still objects [11]. To calculate the 

position of the object in the image received by the camera, projections of the objects 

on the horizontal and vertical axes in each image are used. 
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Figure 3-6: Horizontal and Vertical projections in binary image 
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The horizontal projection gives the column index of the object position and vertical 

projection gives row index of the object in the image. These row and column indices 

are then transformed to rectangular co-ordinates space by using equation (3.1) and 

(3.2). Figure 3-6 shows an overview of how the horizontal and vertical projections 

are used to find the coordinates of the object position. In figure 3-6, ‘x’ represents 

the column index and ‘y’ represents row index of the digital camera image. 

3.2.1 Projection histograms to calculate the positions of the objects 

The projections on horizontal and vertical axes for both the objects are stored in 

projection histograms. In case of vertical projection, the location y of the vertical 

projection histogram H(y) represents the total number of object pixels in row y of 

the image and in case or horizontal projection, the location x of horizontal projection 

histogram H(x) represents the total number of object pixels in column x of the 

image, see figure 3-6. 

Since there are two objects in the image, for each object we generate a horizontal 

and vertical projection histogram namely H(x) and H(y) respectively. The horizontal 

projection histogram for object 1 is named H1(x) and that for vertical projection is 

named H1(y). The naming convention is same for the projection histograms for 

object 2 i.e. H2(x) and H2(y). 

3.3 Color based object segmentation 

As already mentioned in chapter 2, the objects in the image can be represented in 

different forms. The primary goal of the image processor is to find the object of 

interest in the image. The image processor in return makes segmentation of the 

object of interest. Segmentation actually means to partition the digital image into 

multiple segments. An image can be segmented to find the position of an object and 

its boundaries.  

If the object has a unique color then it can be easily segmented by using its color 

information. Mostly digital cameras output the image in form of RGB pixel values, 

that is, for each pixel in the image, it gives three color components: red, green and 

blue. By using a suitable threshold value we can segment the image and the object 

having some unique color can be easily differentiated from other objects of different 

colors. 

To segment the objects of discrete colors in the images, we have used the HSV color 

space. To calculate the HSV value for each pixel in the image, first the data coming 

from the digital camera is transformed into RGB and then from RGB values for each 

pixel, we transform them into HSV values. 

3.3.1 Bayer pattern to RGB conversion 

The output of the digital camera is in the form of Bayer pattern. In Bayer image [12], 

50% of the pixels are the values for green component, 25% of the pixels represent 
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blue and the remaining 25% pixels represent the red components according to the 

figure 3-8. 

 
Figure 3-7: Bayer pattern in digital images 

In Bayer pattern, each pixel is represented by one of the three color components. 

The missing components for each pixel can be calculated by interpolating the pixel 

with its neighbors. 

In this work, we are using 4 pixels in Bayer pattern to compute one pixel of RGB 

color space. In figure 3-7, there are four pixels of Bayer pattern in the circle, and 

these four pixels are used to get one pixel having all the three color components. Red 

and blue component for the resulting (RGB) pixel are the same as in the Bayer 

pattern and the green component is the average of two green pixels (G1 and G2) in 

the Bayer pattern. 

3.3.2 RGB to HSV conversion 

In HSV color space, each pixel is represented by three components: Hue, saturation 

and value. A hue component defines the nature of color. 

HSV color space is normally represented by a cone, see figure 3-8. The value of hue 

represents the angle from a reference line. Normally this reference line starts and 

ends at red color in the HSV cone. The value of hue component ranges from [0 to 

360). 

 
Figure 3-8: HSV color cone [Source: Wikipedia] 
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Saturation (Chroma) is the distance from the center of the circle in HSV color cone. 

At the circumference of the hue circle, the colors have maximum saturation and its 

value is zero at the center of the circle.  

The ‘value’ component in figure 3-8 represents the brightness of the color. Its value 

is zero at the bottom end of the HSV color cone. 

The advantage of using HSV color space is that when the intensity of light falling on 

an object changes, the value of hue component does not change considerably. So the 

color segmentation is not affected much with the change in the light intensity.  

Since the colors of the objects are highly saturated, it is very easy to segment the 

objects efficiently. 

To transform RGB color space into HSV color space, the following formulae are used: 

H = 

{
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  (3.4) 

 

  {
       (     )   

  
    (     )

    (     )
         

     (3.5) 
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Pipelining the data path to compute hue component 

To compute the hue component of HSV color space from the RGB components for 

each pixel, equation (3.4) is used. In the equation R, G and B represent the red, green 

and blue components of the pixels. To calculate the value of hue according to 

equation (3.4), we need five computations. For example, the values of red, green and 

blue are compared first to find the minimum and maximum values. Then the 

subtraction is done in the numerator and in denominator as expressed in the 

equation. The numerator is multiplied by 60 and then divided by the denominator 

and at the end the result is added with some integer. 

Each computation in Field Programmable Gate Array has a propagation delay. Since 

the computations in the above equations are computed serially, the resulting 

propagation delay is the sum of the propagation delays caused by each computation. 

At higher frequencies, the propagation delay of the computation must be small 
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enough not to violate the hold time and setup time for the registers inside the 

device. To get rid of long propagation delay, the data path of the whole computation 

is pipelined such that only one computation is done in one system clock.  

Computation 1

Register 1

Computation 2

Computation n

Register n

Register 2

. .
 . 

. 

 
Figure 3-9: Pipelining the data path 

Figure 3-9 shows that only one computation is done in one system clock and the 

output of the computation is then registered. The next computation is done on next 

system clock and so on. By doing this, the result of ‘n’ computations appears on the 

output after ‘n’ system clocks but the advantage is that the system clock can run 

faster without violating the hold time and setup time of the registers inside the 

device. 

3.3.3 Color segmentation 

To implement the methodology in the FPGA, we need to define the maximum and 

minimum limits for HSV components. Let F(h,s,v) be the filtered pixel in the image 

whose color belongs to the target color, then it can be defined as [13]: 

 (̅   )  (

 (   )
 (   )
 (   )

)      (3.7) 

Equation 3.7 represents the image pixel in column x and row y of the image in form 

of HSV color space. Since there are three components for HSV color space, three 

vectors represent the complete pixel. 

The calibration area is a set of 2D points: 
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 ̅  {     }      (3.8) 

         (   )     (3.9) 

The ranges for the HSV components can then be defined for this area: 

             (  )                         (  )      (3.10) 

             (  )                         (  )     (3.11) 

             (  )                         (  )   (3.12) 

The required pixels are those pixels F(     ) such that: 

F(     )   ((      ) (      ))  

  ((      ) (      ))  

           ((      ) (      ))  (3.13) 

3.3.4 Generation of binary image  

The implementation of equation (3.13) results in a Boolean value. The result is true 

if the pixel belongs to the specified color object and it is false otherwise. Equation 

(3.13) is calculated for each and every pixel in the image and after labeling all the 

pixels belonging to our desired object as ‘1’ and the remaining pixels as ‘0’, we get a 

binary image from the color image. 

Receive pixels

Raw to RGB

RGB to HSV

Pixel belongs to the 
specified color?

Label pixel as ’0’Label pixel as ’1’

Yes No

 
Figure 3-10: Labeling the pixels for binary image generation 
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Figure 3-10 represents the flow chart of how the pixels are received and after 

passing through various modules they are labeled on the basis of their HSV 

components. 

Since there are two objects that we are tracking, two binary images are generated: 

one for each object.  

HSV image

Color segment 
for object 1

Color segment 
for object 2

Binary image 
for object 1

Binary image 
for object 2

Horizontal projection 
H2(x)

Vertical projection 
H2(y)

Horizontal projection 
H1(x)

Vertical projection 
H1(y)

 
Figure 3-11: Generation of binary images and projection histograms 

Figure 3-11 shows the block diagram of how the modules are connected to make 

binary images and then projection histograms for both the objects. Color 

segmentation modules for both the objects take the same data from HSV module and 

they generate their own results according to the object color specified. 

3.4 Object features and histograms 

In this project, there are two objects of interest which are segmented. Each object in 

the image is segmented and a separate binary image for each object is generated. To 

find different features of the objects, horizontal and vertical projections of the 

objects are used. The extracted features are height, width and position of the object 

in the image. 

3.4.1 Width of object 

To find the width of the object we simply count the number of columns belonging to 

the object. In figure 3-6, ‘x’ represents the column index in the image and H(x) 

represents the total numbers of the pixels in column x. If H(x) is thresholded to be 1 

for all columns belonging to the object then the width ‘w’ of the object can be 

represented mathematically as: 

w =∑  ( ) 
        (3.14) 

In equation (3.14), N represents total number of columns in the binary image and 

H(x) is equal to 1 for all x belonging to the object and it is zero otherwise. 
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3.4.2 Height of object 

Height of the object in binary image can be calculated by simply counting the 

number of rows belonging to the object in that image. In figure 3-6, ‘y’ represents the 

row index in that image and H(y) represents the total number of the pixels in row y. 

Now if H(y) is thresholded to be 1 for all the rows belonging to the object then the 

height ‘h’ of the object can be represented mathematically as: 

h = ∑  ( ) 
        (3.15) 

In equation (3.15), M represents total number of rows in the binary image and H(y) 

is equal to 1 for all rows belonging to the object and it is zero otherwise. 

3.4.3 X-position of object 

To find the exact position of the object in the binary image, we need to calculate the 

central position of the object on x-axis and on y-axis. To find the central position of 

the object on x-axis we can use equation (3.16).  

 ̅ = 
 

 
∑ (   ( )) 
       (3.16) 

In equation (3.16), H(x) is thresholded to be 1 for all columns belonging to the object 

and x is the column index. N represents total number of columns and w is calculated 

in equation (3.14). 

3.4.4 Y-position of object 

Central position of the object on Y-axis can be calculated by using equation (3.17). 

 ̅ = 
 

 
 ∑ (    ( ) 

   )   (3.17)  

In equation (3.17), H(y) is thresholded to be 1 for all rows belonging to the object 

and y represents the row index. M represents the total number of rows in the binary 

image and h is calculated in equation (3.15). 

3.5 Image processing on FPGA 

With the advances in reconfigurable architecture, digital signal processing is 

becoming easier and its applications in different fields like medicine, space 

exploration, facial recognition and object tracking are becoming more and more 

common. Implementing such applications on a general purpose computer can be 

easier, but not very time efficient due to additional constraints on memory and other 

peripheral devices [14]. 

Implementing complex computation tasks on hardware and by exploiting 

parallelism and pipelining in algorithms yield significant reduction in execution 

times [15]. 

Mainly there are two hardware design technologies available in the market:  
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Full custom hardware devices 

Semi-custom hardware devices 

Example of full custom hardware devices is Application Specific Integrated Circuits 

(ASIC) which offer highest performance but the complexity and cost is much higher 

for these devices.  The semi-custom hardware devices include digital signal 

processors and Field Programmable Gate Arrays (FPGA). These devices are very 

reliable for the development of hardware design techniques like pipelining and 

parallelism while these techniques are not possible with dedicated DSP designs [14]. 

Unlike ASIC devices, FPGA’s have less time-to-market cost and they are quite 

suitable for debugging purposes.   

FPGA’s play very important role in enhancing the performance of digital signal 

processing by employing their properties of pipelining and parallelism. Daggu 

Venkateshwar Rao, Shruti Patil and Naveen Anne Babu [14] have presented the 

hardware architecture for four image processing algorithm (Median Filtering, 

Morphological Operations, Convolution and Edge detection) on FPGA. 

3.5.1 Embedded memory 

Reconfigurable logic devices also have embedded memory blocks. These memory 

blocks can be configured to make general purpose RAM or ROM. They are also used 

to make shift registers and FIFO to implement the digital logic. In case of RAM or 

ROM, the width of the port can be configured depending upon the architecture of the 

memory blocks. Embedded memory blocks are also used to make single port and 

dual port RAM inside FPGA.  

Projection histograms are generated using embedded memory of the FPGA. For the 

horizontal projection, we need 480 locations of the memory and each location is 10 

bit wide. Similarly for vertical projection, a memory of height 640 is generated. The 

width of memory is 10 bit wide. 

Since there are two objects to be tracked, two horizontal and two vertical projection 

histograms are generated using embedded memory of FPGA. 

3.5.2 Embedded multiplier 

Another important feature of reconfigurable logic devices is embedded multipliers. 

These multipliers are used to implement multiplication of variable size of widths of 

inputs. For the implementation of digital signal processing tasks, these multipliers 

play a key role in enhancing the performance [16].  

These multipliers are implemented using dedicated logic resources and the result is 

computed using combinational logic i.e. no system clock is required to compute the 

result. We can optionally use an output register to store the result of the 

multiplication. 
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Dedicated multipliers inside the Field Programmable Gate Array are used to 

compute the value in equation (3.4). 
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4 HARDWARE IMPLEMENTATION AND RESULTS 

The implementation of this project is carried out on Altera DE2 development and 

education board [17]. The board contains Cyclone II FPGA having 33,216 LEs (logic 

elements) and 483,840 total RAM bits. There is external SDRAM module with 

8Mbytes memory capacity. For the video display, VGA connector on the board is 

used and to communicate with the base station, serial communication protocol RS-

232 is used. 
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Figure 4-1: Block diagram of the hardware implemented modules 



26 
 

Figure 4-1 shows the block diagram of the hardware modules which are 

implemented on the board. The modules marked with blue color in the figure are 

implemented inside Field Programmable Gate Array and that with green are outside 

the FPGA. A detailed description of each module is given in the subsequent sections: 

4.1 Visual system  

Visual system consists of a camera module which collects the images from the 

environment at a constant rate. A five Mega Pixel digital camera is used to capture 

images of the user input. The output of the camera is 12 bit data of Bayer pattern 

pixel, ‘Line_valid’ and ‘Frame_valid’ signals, see figure 4-2 
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I2C

 
Figure 4-2: Camera configuration with FPGA 

By default the camera outputs 2592 columns and 1944 rows of the image. To 

configure the camera with our own settings, we can modify the internal 

configuration registers of the camera. To modify these internal registers, a serial 

communication protocol I2C is used. The internal registers of the camera are 16 bit 

wide and each register can be modified by writing two bytes on the serial protocol. 

The camera can output up to 4096 (212) different values for each color component. 

The data bus used to transmit the color information to the FPGA is 12 bit wide such 

that the data is transmitted in parallel to the FPGA, see figure 4-2.   

4.1.1 Digital camera configuration 

The resolution and the image settings can be configured by changing the values of 

the configuration registers inside the camera. In this project the camera is 

configured to output 1280 columns and 960 rows. In this configuration the camera 

is providing the images in Bayer pattern format. Auto exposure mode of the camera 

is turned off so as to receive the images at constant intervals. The digital and 

analogue gains for the three color components are set to default values. Before the 
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images are stored in the external memory, they are transformed into RGB format 

and then this RGB color space is transformed into HSV color space for object 

segmentation.  

4.1.2 Protocol to access the configuration registers inside the camera 

The camera is configured by writing the valid values to the configuration registers. 

Each configuration register is 16 bit wide and these registers are accessed by using 

I2C serial communication protocol.  The I2C protocol [18] uses two lines to send and 

receive the data. 

 
Figure 4-3: Data transfer on I2C bus [18] 

In figure 4-3, SDA stands for serial data line. This pin is used to carry the data from 

one device to another. SCL stands for serial clock line and this pin ensures when the 

data on SDA line is valid to be transmitted or received. 

To get the desired configuration, we need to write to the configuration registers 

each time the camera is powered on. Once the configuration registers are set, the 

camera will keep on transmitting the Bayer pattern images at a constant speed 

provided that auto exposure mode of the camera is turned off. 

4.1.3 Camera output 

 
Figure 4-4: Digital camera output pattern [12] 
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The output of the digital camera is in the form of Bayer pattern which means every 

pixel received by the camera has only one color component. In Bayer image [12], 

50% of the pixels are the values for green component, 25% of the pixels represent 

blue and the remaining 25% pixels represent the red components according to the 

figure 3-7. 

4.1.4 Active image region 

The RGB image is created from those pixels which belong to the active image region, 

see figure 4-4. The camera signals the start and stop of the active image region by 

asserting two signals named as line valid and frame valid. 

‘Line valid’ is asserted for all the pixels in a row which belongs to the active image 

region. Figure 4-5 shows the line valid signal assuming only eight pixels in the active 

boundary. The ‘line valid’ signal specifies the width of the active image. 

G0[11:0] R0[11:0] R1[11:0]G1[11:0] G2[11:0] R2[11:0] R3[11:0]G3[11:0]

LVAL

Pixel readout
D[11:0]

 
Figure 4-5: Line valid signal from digital camera 

The height of the active image is specified by the ‘frame valid’ signal. This signal is 

asserted for the integral number of rows. For example if there are 8 rows in the 

active image, the ‘frame valid’ signal will remain asserted for all the eight rows in the 

image, see figure 4-6. 

Row 0 Row 1 Row 3Row 2 Row 4 Row 5 Row 7Row 6

FVAL

Row readout

 
Figure 4-6: Frame valid signal from digital camera 

4.2 Bayer pattern to RGB conversion 

The first task of the FPGA is to transform the Bayer pattern into RGB for further 

processing. The algorithm takes four pixels of the Bayer pattern to make one pixel of 

RGB, see figure 4-7. Since the pixels of the Bayer pattern are being received in a 

serial fashion, the FPGA stores the first complete row in a buffer made by a 

synchronous RAM inside the FPGA. When the second row of the Bayer pattern image 

is coming from the camera, it starts making the pixels in RGB format. After that the 

third row of the Bayer pattern is saved in the buffer and when the pixels of the 

fourth row in Bayer pattern are being received, the FPGA creates the second row of 

RGB image and so on, see figure 4-7. When the 1280 columns and 960 rows of the 
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Bayer pattern are received, the FPGA completes 640 columns and 480 rows of RGB 

image. 
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Figure 4-7: Bayer pattern to RGB conversion 

In RGB image format, each pixel has three color components, that is: red, green and 

blue. Each component is 12 bit wide so it can have the range of the values from 0 to 

4095.   

Address generator circuit shown in figure 4-1 uses the Line_valid and Frame_valid 

signals from the camera and makes the correct indexing for rows and columns of the 

image. The values for row index range from 0 to 479 and that for columns index 

range from 0 to 639, see figure 4-7.  

4.3 RGB to HSV conversion 

To transform the RGB color space to HSV color space, equation (3.4), (3.5) and (3.6) 

are implemented in FPGA. To implement these algorithms in FPGA, we need to use 

comparators, adders, subtracters, divider and multiplier. Normally in synchronous 

system each computation costs a latency of one or more clock cycles. By using the 

parallel architecture of FPGA, it is possible to compute all the calculations for one 
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pixel at the cost of only one clock cycle. As soon as the value of RGB is computed 

from Bayer image, on the very next clock we get the result of HSV for that pixel. 

(a) Without pipelining (b) With pipelinging
 

Figure 4-8: Architecture for RGB to HSV conversion  
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Figure 4-8(a) shows the RTL view of the digital logic implemented to transform the 

RGB pixel value to HSV. In the figure, observe that all the computations are done 

using combinational logic which means the output of each computation was a 

combination of inputs and that it was not dependent on the system clock (no module 

uses system clock). When the output of one computation is ready it is sent to the 

next computation block and so on. Each computation on the hardware has some 

propagation delay. Since these modules are connected serially, the net propagation 

delay is the sum of the propagation delays of all the modules. When the final 

computation is done, the result is stored in the register shown in the blue box in 

figure 4-8(a).  

The registers are made with flip-flops and the data on the input port of these flip-

flops appears on the output at the rising or falling edge of the input clock (system 

clock in this case). The data must be stable for a certain period of time (setup time) 

before the triggering of the input clock. If the modules for the computations are 

connected serially as implemented in figure 4-8(a), they may produce longer 

propagation delay than the minimum propagation delay to avoid violation of the 

setup time of the register. To avoid this problem, either we should decrease the 

frequency of the system clock or the data path of these computations can be 

pipelined. 

In this project, a pipelined architecture for the implementation of the same 

computation is implemented such that only one computation is done on one system 

clock producing very short propagation delay. For a pipelined architecture, separate 

hardware is built for each image processing operation in the pipeline. In a data 

synchronous system, data is simply passed from the output of one operation to the 

input of the next [19]. 
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Figure 4-9: Pipelining for HSV computation 

In figure 4-9, it is shown that the result of each combinational logic function (f1, f2, 

f3, and f4) is stored in the registers. Since all the registers in the figure are triggered 

on the same system clock, the result of the total computation appears on the output 

bus after 4 clock cycles. 

Figure 4-8(b) shows the pipelined architecture for HSV computation. Note that all 

the modules for various computations (green boxes) are now using the same system 

clock. While in figure 4-8(a), the green boxes were not clocked by the system clock 

but only the final output was stored in the register. The bottom signal marked with 
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red color in figure 4-8(b) represents the system clock and this system clock is fed to 

different modules such that only one computation is done on one system clock. The 

final output, in terms of clock cycles, is delayed by the number of pipelined stages. 

 The results showed that the maximum clock frequency of the system clock without 

using pipelined architecture was restricted to be 144.56 MHz but using the pipelined 

architecture the maximum frequency of the system clock was restricted to be 193.99 

MHz. 

For the implementation of the multiplication, vendor specific IP (Intellectual 

Property) is used which optimizes the resource utilization for the implementation of 

the multiplication. The IP offers the output latency of zero clock cycle which means 

the output will be ready on the same clock. 

4.4 Address generator circuit 

This module generates the row and column index for the images by using the 

information of Line_valid and Frame_valid signals from the camera, see figure 4-1. 

The output of this module is used in the histograms which store the projections of 

the objects. Row index is used in vertical projection histogram and column index is 

used in horizontal projection histogram. VGA control module and SDRAM controller 

also use this index. 

4.5 Generation of binary image 

 
Figure 4-10: Architecture to transform HSV pixel to binary pixel 

Binary image is generated by using the values of hue, saturation and value 

components for each pixel in that image. For any specified color, the minimum and 

maximum ranges of the color components (HSV) are specified. To compute the 



33 
 

binary value for each pixel, equation (3.13) is used. The implementation of this 

algorithm is carried out using comparators which are generated with the different 

combinations of LUT’s inside the FPGA device. 

Figure 4-10 shows how the comparators are associated to the hue, saturation and 

value components for each pixel. The result of each comparator is sent to a logical 

AND gate which produces the final result in the form of Boolean value. If the pixel 

belongs to the specified color then a Boolean value ‘1’ is generated and the pixel is 

labeled as ‘1’ and vice versa (pixel labeling). The algorithm is applied on each and 

every pixel in the image and consequently the color image is transformed into 

binary image. In this binary image, only the object with specified color is white and 

the rest of the image is turned into black. 

 
Figure 4-11: Display of binary image 

Figure 4-11 shows the binary image which was generated for the green object in the 

image. The green object is turned into white and the rest of the image is black. 

Figure 4-12 shows the utilization of the FPGA resources for mapping the required 

comparators on the FPGA’s logic resources. Since there are three different signals 

(hue, saturation and value) and each signal is 12 bit wide, we need 151 LUT’s with 4-

input functions, 187 LUT’s with 3-input functions and 106 LUT’s with 2-input 

functions as shown in figure 4-12. 
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Figure 4-12: FPGA resource utilization for implementing comparators for binary image 

4.6 Creation of projection histogram inside FPGA 

In figure 4-1 it can be seen that the two different modules take the same pixel data 

from the ‘RGB to HSV’ module and they generate their own results according to the 

position of their respective objects. For two objects there are two binary images and 

each binary image represents the position of its relative object. 

Histograms are created using embedded memory of FPGA. The memory used for the 

histogram is referred to as synchronous RAM. A true dual port Synchronous RAM is 

implemented to store the values for the histogram. The true dual port synchronous 

RAM has separate ports for read and write to the memory. 

Figure 4-13 shows the implementation of the true dual port RAM to store the 

horizontal projection of the object. Port A of the above RAM is configured as read 

port and port B as write port. Port A reads the contents of the memory (Dout_A). 

This value is incremented by one and on the next clock cycle this value is ready to be 

written back to the memory through port B. The incremented value is available to be 

written to the memory but it is actually written to the memory only if the pixel in 

that column belongs to the object. In figure 4-13, WE_B is asserted only if the pixel 

belongs to the object or the reset signal is asserted. When ‘RST’ signal is asserted 

WE_B becomes equal to ‘1’ and the data written to the memory becomes 0 

(clear_RAM), see the multiplexers in figure 4-13. Otherwise the WE_B signal remains 

at zero which means nothing is written to the memory. The output of port B 

(Dout_B) is used to read the contents of the histogram. The data from the RAM is 

read only when the histogram is constructed completely and at the time Rd_en 

signal goes high. 
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Addr_A = Col_index

Din_A = Don’t care

Clk_A

WE_A = Always 0

Addr_B = Col_index - 1

Din_B

Clk_B

WE_B

+1
Dout_A

Dout_B

PCLK

Rd_en

Histogram_data

True Dual
Port RAM

RST

1

Object_pixel

Clear_RAM

Register

 
Figure 4-13: Embedded memory for horizontal projection 

To store the vertical projection, single port RAM is implemented. Figure 4-14 shows 

the implementation of the single port RAM. The address of the RAM is equal to the 

row index. A pixel counter counts the total number of object pixels in a row and this 

number is written to the memory at the end of the row when W_EN signal goes high. 

The pixel counter module is reset at the beginning of every row. The data from the 

RAM is read only when the histogram is completely constructed and the Rd_en 

signal goes high at that time.  

Single port RAM

Register
Addr = Row_index

Din

W_En

PCLK

Dout

PCLK

Rd_enPixel counter

Object_pixel

Reset_counter

PCLK

Histogram_data

 
Figure 4-14: Embedded memory for vertical projection 

4.6.1 Using projection histograms to find the positions of the objects 

To find the position of the object in the image, we need to compute the central 

position of the object on x-axis and y-axis. To calculate the central position of the 

object on x-axis, H(x) in figure 4-1 is used which stores the horizontal projection of 

the object. Similarly to find the central position of the object on y-axis, the FPGA uses 

H(y) in figure 4-1.  
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To find the center of mass of the object on x-axis, we can use the formula in equation 

(4.1) 

 ̅ = 
 

 
∑ (   ( )) 
        (4.1) 

Where H(x) represents the horizontal projection of the object in column x. N is total 

number of columns in the image and w is the width of object. In equation (4.1), x 

represents the column index. 

In this thesis work, we have thresholded the values of H(x) to be equal to 1. To 

compensate the noise in the binary image, the threshold level for the RAM data in 

figure 4-15 was set be 20 in decimal (14 in hexadecimal). For example, the value of 

H(x) will be equal to one only when the content of the RAM data in figure 4-15 will 

be greater than 14 in hexadecimal. The value of H(x) will be zero if the content of 

RAM data will be less than or equal to 14 in hexadecimal. 

Figure 4-15 shows that there are there are 25 columns for which the value of RAM 

data is greater than 14 in hexadecimal.  

 
Figure 4-15: Histogram for the horizontal projection of the object 

In figure 4-15, the first row represents the thresholded value of H(x). The second 

row represents the data in the RAM which is actually the total no of the pixels in the 

columns of the image. The third row represents the column index. 

Equation (4.2) is used to calculate the center of mass of the object on y-axis.  

 ̅ = 
 

 
 ∑ (    ( ) 

   )    (4.2)  

Where H(y) represents vertical projection of row y in the image and y belongs to 

row index in the image. M is the total number of rows in the image and h represents 

the height of the object. 

In this implementation, the value of H(y) is thresholded to be 1 as in case of H(x) in 

equation (4.1). 

 
Figure 4-16: Histogram for vertical projection of the object 

In figure 4-16, first row represents the thresholded value of H(y) which is equal to 

one only when the RAM data is greater than 14 in hexadecimal. Second row 

represents the data in RAM which is actually the total number of pixels in the rows 

of the image. The third row represents the row index of the image. 
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4.6.2 Some results from projection histograms 

To calculate the position of the object on x-axis and y-axis, projection histograms are 

implemented using internal memory of FPGA. By analyzing the values in the 

histogram, we can find the position of the object, its height and width. 

Figures 4-17 to 4-20 represent the results of the histograms for horizontal and 

vertical projections of the object. 

 
Figure 4-17: Histogram for horizontal projection of the object 

 
Figure 4-18: Histogram for horizontal projection of the object (magnified) 

 
Figure 4-19: Histogram for the vertical projection of the object 

 
Figure 4-20: Histogram for the vertical projection of the object (magnified) 

In figure 4-18, first row represents the thresholded value of H(x) as in equation 

(4.1). The second row represents the contents of the memory. The third row is the 

calculation of the horizontal central position of the object using equation (4.1). Note 

that the data is ready after 6 clock cycles. The last row represents the values of the 

column index. 

4.7 Pattern matching circuit 

The generation of binary image is done using the color information of the object and 

if there is some other object with the same color in front of the input camera, then 

the projection histogram will not be able to differentiate between the desired and 

undesired object. 
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Figure 4-21: Comparators for height and width matching 

To make sure that we track only our desired object, a minimum and maximum limit 

for the height and width of the object is used such that if the object detected by the 

camera does not fit into our limits for height and width then the object is not 

considered as the desired object and the pattern matching circuit does not assert 

en_angle signal as shown in the above figure. 

Figure 4-21 shows the architecture of the comparators which compares the height 

and width generated from projection histogram. The result from all the comparators 

is then sent to a logic AND gate. The output of the circuit will assert en_angle signal 

only if the height and width of the object is within the limits specified. 

The pattern matching circuit also receives the coordinates of the central position of 

both the objects (see figure 4-1) and it calculates the angles (α1 and α2) for both the 

objects using equation (3.3). The values of the angles are passed to the signal 

encoding circuit as shown in figure 4-1 along with the en_angle signal in figure 4-21. 

If en_angle signal is not equal to ‘1’ then the signal encoding circuit in figure 4-1 

ignores the values of angles calculated by ‘Pattern matching circuit’. 

4.8 Signal encoding circuit 

For every action of the robot, a discrete encoded value is generated inside the FPGA 

and this value is sent to the base station via UART, see figure 4-1. As mentioned 

earlier, all the combinations of the objects in all the segments do not produce some 

new encoded value. There can be 22 different combinations for the two objects as 

explained in the first section of chapter 3. But we are using only 16 combinations 

and for each implemented combination, a discrete decimal value is encoded. 

 ‘Signal encoding circuit’ receives the values of angles and the respective en_angle 

signals from ‘Pattern matching circuit’ and from the information about the angles, it 

encodes the signals which are used to control the robot. The output of the signal 

encoding circuit is 5 bit binary value which ranges from 1 to 16 in decimal and these 

5 bits are concatenated with three auxiliary bits to send the signals to the UART 
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module in form of one byte packets. ‘en_angle’ signals work as ‘enable’ signals for 

these encoded signals to be transmitted to the ‘UART circuit’.  Observe the OR gate 

near the bottom of figure 4-23. The output of this OR gate goes to the enable signal 

for the register which registers the encoded signals. For the encoded signals to be 

transmitted, the value of at least one en_angle signal from pattern matching circuit 

should be equal to one.  

 
Figure 4-22: Resource utilization for implementing signal encoding 

‘Signal encoding circuit’ implements the comparators for the value of angles of both 

the objects. There are only two inputs for the angles (α1 and α2) and the resolution 

of each angle is 10 bit wide. The number of LUT’s used to implement the logic is 

shown in the figure 4-22. 
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Figure 4-23: Comparators used in 'signal encoding circuit' 

Note in Table 3 that the presence of only red object (in absence of green object) 

produces valid instructions only in segment number 4, 1 and 7. In the remaining 

segments, the presence of only red object does not produce any instruction (Don’t 

care). If the user applies the combination which is not implemented then no new 

signal will be generated by the ‘signal encoding circuit’ and the robot will continue 

executing the latest instructions until it receives the updated instructions.  

The ‘encoded_signal’ values generated by the module are shown in Table 3. Observe 

in the table that no value is generated for the combinations which are not practically 

implemented. 
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Segment No. 
Object 1 

(red) 

Object 2 

(green) 

Encoded 

signal 
Instruction 

for all 

segments 
0 0 1 Stop the robot 

 

1 

0 1 2 
Move left at angle 60 degree 

with speed S1 

1 0 3 Rotate right 

1 1  Don’t care 

 

2 

0 1 4 
Move left at angle 45 degree 

with speed S1 

1 0  Don’t care 

1 1 5 
Move left at angle 45 degree 

with speed S2 

 

3 

0 1 6 
Move left at angle 30 degree 

with speed S1 

1 0  Don’t care 

1 1 7 
Move left at angle 30 degree 

with speed S2 

 

4 

0 1 8 Move forward with speed S1 

1 0 9 Move back (reverse) 

1 1 10 Move forward with speed S2 

 

5 

0 1 11 
Move right at angle 30 degree 

with speed S1 

1 0  Don’t care 

1 1 12 
Move right at angle 30 degree 

with speed S2 

 

6 

0 1 13 
Move right at angle 45 degree 

with speed S1 

1 0  Don’t care 

1 1 14 
Move right at angle 45 degree 

with speed S2 

 

7 

0 1 15 
Move right at angle 60 degree 

with speed S1 

1 0 16 Rotate left 

1 1  Don’t care 

Table 3: Encoded signals for the robot actions 
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4.9 UART circuit and the base station 

The values from ‘signal encoding circuit’ are sent to the ‘UART circuit’ module as 

soon as they are updated in the ‘signal encoded circuit’ and at the same time these 

values are forwarded to the base station via serial communication protocol RS-232. 

The base station transmits this encoded value as soon as it receives. The base station 

used in this project is a microcontroller development board shown in figure 4-24.  

 
Figure 4-24: Development board used as base station 

This base station is connected with a radio transceiver which transmits the encoded 

values received from ‘UART circuit’ to the transceiver inside the robot shown in 

figure 1-3.  

4.10 Communication between the base station and the robot 

The robot and the base station are communicating with each other via wireless 

transceivers on both sides. To make sure that the robot will exactly receive the 

instructions sent by the base station, a heart-beat packet is sent to the robot by the 

base station every 100ms. After receiving this packet, the robot sends back a reply 

heart-beat packet to confirm that it is receiving the data coming from the base 

station. As soon as the base station receives the encoded signals from the ‘UART 

circuit’ it transmits these signals to the robot. But before transmitting the data to the 

robot, it always checks if there is a valid communication between the robot and the 

base station. The base station does not transmit the encoded signals if it does not 

receive the reply heart-beat packets from the robot.  

When the encoded signals are received by the robot, the controller inside the robot 

decodes these signals and acts accordingly. Actually for every encoded signal in 

Table 3, the controller inside the robot assigns different values to the two 

parameters. 

Left wheel speed along with the orientation 

Right wheel speed along with the orientation 
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For instance if the robot receives encoded signal ‘8’ (move forward with speed S1) 

then it assigns the left and right wheel speed in such a way that the robot moves 

forward with speed S1. Once these parameters are set by the controller, the robot 

will keep moving with the same speed until it receives some other encoded signal 

from the base station. 

The wireless transceiver uses 2.4 GHz frequency to send and receive the data. The 

transceiver uses Industrial, scientific and Medical band (ISM) to communicate with 

the other transceiver mounted on the robot. The transceiver uses amplitude and/or 

frequency modulation to send the data packets. 
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5 DISCUSSIONS & SUMMARY  

In this thesis work the actions of the small two wheels robot shown in figure 3-1 are 

controlled with the help of hand gestures. To make the processing of the algorithm 

simpler, we have used two discrete color objects with the color green and red. In the 

images received by the digital camera, these colors are segmented and the binary 

image for each object is generated inside the FPGA.  

The robot is moved forward with two different speeds and it can turn left and right 

with three different angles for both the directions. The user should be careful about 

adjusting the base of the hand. The base of the hand should always be in the 

horizontal center of the image. The vertical position of the hand is calibrated with 

the help of calibration constant as shown in figure 3-1.  

The camera can produce the images at a rate of greater than 60 frames per second 

with our configuration for the resolution. But due to the requirements, the exposure 

of the camera must be increased which decreases the frame rate of the camera. Due 

to low frame rate, the objects moving with faster than a certain speed limit are not 

detected efficiently. Actually if the objects to be tracked are moving with faster 

speed, in the binary image the objects get distorted. This is because the camera 

reads one line of the arrays at a time. When the camera reads the second line the 

object has moved to some other place. So for an efficient object tracking, the object 

in the binary image should not get distorted and this is possible if the objects are not 

moving with high speed. This problem can be solved by using the camera having 

global shutter. In that kind of cameras, they use electronic shuttering on all the 

pixels simultaneously and the resulting image is not distorted. 

Since the objects are being tracked on the basis of their color, it must be considered 

that the back ground has different color than the objects used for the tracking. 

A concise but comprehensive detail of each implemented module is provided such 

that the reader can take it as a reference to understand the basics of object tracking 

techniques using the projection histograms. The report emphasizes on the structure 

of the hardware modules and how they are connected with each other but it does 

offers the details of how these modules are mapped on the reconfigure architecture.  

5.1 Scope of improvement 

The robot is taking the instruction from the FPGA which sends according to the 

position of the objects. As the tracking is carried out in different segments, when the 

object to be tracked moves from one segment to another, the signal produced by the 

encoder module changes instantly and this signal is transmitted to the robot. As a 

consequence, the robot changes its state abruptly. For example if the robot is moving 

in forward direction with slow speed and the instruction is sent to move forward 

with higher speed, the robot will change its state from slow forward to fast forward. 
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This produces a kind of jerk in the motion of the robot. To avoid this kind of 

behavior, the controller for the motors should change the speed of the robot in 2 or 

3 stages so that when the robot goes from slow speed to high speed, it should not 

encounter any jerk. Similarly when the robot tries to go from higher speed to lower 

speed, the speed should be reduced in different steps. 

The same algorithm could be applied for the angle of motion. When the instructions 

are received to move the robot from lower angle to higher angle, the movement 

should be in different steps. 
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