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The field of robotics and mechatronics is advancing at an ever-increasing rate 

and we are starting to see robots making the transition from the factories to the 

workplace and homes as cost is reduced and they become more useful. In recent years 

quadrotors have become a popular unmanned air vehicle (UAV) platform. These UAVs 

or micro air vehicles (MAV) are being used for many new and exciting applications such 

as aerial monitoring of wildlife, disaster sites, riots and protests. They are also being 

used in the film industry, as they are significantly cheaper means of getting aerial 

footage. 

While quadrotors are not extremely expensive a good system can cost in the 

range of $3000 - $8000 and thus too costly as a research platform for many. There are 

a number of cheaper open source platforms. The ArduCopter is under constant 

development, has the largest community and is inexpensive making it an ideal platform 

to work with. 

The goal of this thesis was to implement video processing on a ground control 

station allowing for the ArduCopter to track moving objects. This was achieved by using 

the OpenCV video-processing library to implement object tracking and the MAVLink 

communication protocol, available on the ArduCopter platform, for communication. 
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CHAPTER 1 

INTRODUCTION 

In the last thirty years the personal computer has had an enormous impact in the 

way people live in society. They are omnipresent in the form of desktop, laptop, tablet, 

smart-phone, and other application specific systems. It is envisioned that in the next 

thirty years the personal robot is going to have the same if not more of an impact on 

society. 

Automations are currently widely used in many industries, performing a 

multitude of tasks. The robots, a mode of automation, are generally quicker, more 

productive and extremely accurate, and perform many of the tasks that are either too 

dangerous or undesirable for humans to do. Their applications range from 

manufacturing, cleaning and maintenance to bomb disposal. They are currently very 

specialized, only being able to perform a few predetermined tasks and are mostly used 

in industrial and military applications. However they are starting to be used more for 

civil applications. Personal robots like the ones found in many futuristic novels and 

movies are intelligent, being able to perform a set of tasks, making decisions on the fly 

allowing them to adapt to and interact with their surroundings. In order for this to 

become a reality, robots need to be not only smarter but must be enabled to be more 

aware of their surroundings. This is not far off and Willow Garage’s PR2 is a good 

example of the current state of personal robots. 

1.1 UAV 

The unmanned aerial vehicle (UAV) is a powered, aerial vehicle that is either 

remotely piloted or controlled autonomously. A remotely piloted UAV is known as a 

drone. The drones have been around since the early 20th century. However, in recent 

years, many UAVs have been developed with autonomous control allowing them to 

carry out preprogrammed flight plans. They are most commonly used for military 

applications including reconnaissance and attack missions (Tarhan and Altug 2011). 
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Furthermore, they are increasingly being used for other non-military tasks including 

firefighting, surveillance, and inspection. 

1.2 Quadrotor 

A quadrotor is an aerial vehicle whose lift is provided by a set of four rotors. The 

rotors can be separated into two pairs, each pair rotating in the opposite direction to 

the other. Control is achieved by varying the speeds of the rotors either individually or 

in pairs. Unlike a regular helicopter, the blades on a quadrotor have a fixed-pitch and 

the design as a whole is much simpler as the only moving parts are the four rotors. 

This reduces the maintenance time and cost of the vehicle. 

Quadrotors have several advantages over the fixed-wing aircrafts and the 

traditional-rotor helicopters. The advantages include the following: (1) quite simplified 

design, (2) the ability to hover, (3) vertical takeoff and landing (VTAL) capabilities, (4) 

maneuverability, and (5) ability to fly both indoors and outdoors. The smaller rotors the 

quadrotors have less kinetic energy. This makes the quadrotors safer and less prone to 

causing a lot of damage when colliding with other objects. For the above discussed 

reasons the quadrotors have been gaining popularity as a platform for UAV research. 

The main disadvantage of a quadrotor over other aerial vehicles is its short flight 

time, which is usually limited to about 15 minutes. 

1.2.1 The Flight Dynamics 

When considering the motion control of an aerial vehicle the three main 

parameters involved are the angles of rotation about the vehicle’s center of mass. 

These are known as the following: (1) pitch, (2) roll, and (3) yaw. These are referred to 

the rotation about their respective axes, as seen in Figure 1. Altering these parameters 

either individually or together enables the motion of the vehicle to be altered as needed 

(Balas 2007), (Bresciani 2008). 
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Figure 1. Angles of rotation: yaw, pitch, and roll. 

In a quadrotor the only moving parts are the four rotors and are considered in 

two pairs, as shown in Figure 2. Motors 1 and 2 form one pair that rotates 

counterclockwise while Motors 3 and 4 form the second pair that rotates clockwise. All 

motions are obtained by varying the speed of each rotor individually or in pairs (Altug, 

Ostrowski and Taylor 2005), (Hoffmann, et al. 2009). Motor 3 is considered to be the 

front of the vehicle.  
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Figure 2. Rotor configuration and direction of rotation. 

1.2.1.1 Altitude 

In order for the quadrotor to hold a constant altitude, the trust generated by the 

rotors needs to equal the downward force due to the mass of the vehicle. Uniformly 

increasing the speed of all four rotors will increase the thrust generated resulting in a 

net upward force thus causing an increase in altitude. Similarly decreasing the rotor 

speed will result in a reduced altitude, as shown in Figure 3. 
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3

1

4

2
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Figure 3. An increase or decrease in rotor speed causes a change altitude. 

1.2.1.2 Pitch 

By decreasing the speed of the Rotor 3 and increasing the speed of the Rotor 4, 

the pitch of the vehicle is decreased. This results in a forward motion of the quadrotor. 

To move the quadrotor in the opposite direction the speed of the Rotor 3 is increased 

while the speed of Rotor 4 is decreased. This results in a backward motion of the 

quadrotor. The two states are shown in Figure 4. 
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Figure 4. A decrease in the pitch results in forward motion. 

1.2.1.3 Roll 

A change in roll is obtained by obtained by similarly altering the speeds of 

Rotors 1 and 2. These result in motion in either the left or right directions. These two 

states are shown in Figure 5. 
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Figure 5. Roll causing movement in the left direction. 

1.2.1.4 Yaw 

To prevent the quadrotor from rotating about its vertical axes, the torque 

produced by the rotors needs to be balanced. Therefore, Rotors 1 and 2 need to rotate 

in the opposite direction as that of the Rotors 3 and 4. When all four rotors are rotating 

at the same speed they generate an equal and opposite torque, which result in a net 

torque of zero and a constant yaw angle. When the speed of one pair of rotors is 

increased relative to the other pair, the total torque will no longer be zero, which result 

in rotation or yaw. The rotation of the quadrotor is opposite to that of the faster rotating 

rotor pair, as shown in Figure 6. 
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Figure 6. An increase in rotational speed of one pair of rotors will result in yaw. 

1.2.2 The Control System 

The quadrotor is a dynamically unstable nonlinear system. This makes the 

quadrotor difficult to fly without an embedded control system (Hoffmann, et al. 2009), 

(Wu 2009). This is highly essential for autonomous flights. A close-loop feedback 

control system as represented in (Figure 7) is implemented in the quadrotor to achieve 

stable flight. In the case of a quadrotor, the process is the vehicle’s dynamics and the 

output Y(s) is the current position and orientation. The various sensors measure this 

information in real-time and compare it to the desired value. The difference of the 

desired input value and actual output is the tracking error (e). The controller processes 

this error and the output is the new speed for each individual motor. The change in 

motor speed results in a change in the system output, which in turn is compared to the 

desired input and the cycle continues to repeat this process. 
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Figure 7. A closed-loop feedback control system. 

R(s)   =    Desired  Input  Value  

Y(s)   =    Actual  Output  Value  

E   =    Tracking  Error  

Many studies have been conducted to test the response of various feedback 

controllers. These include dynamic contraction method (Czyba 2009) and linear-

quadratic regulator (LQR). 

1.2.2.1 Three-Term PID Controller 

The proportional–integral–derivative (PID) controller is a closed loop feedback 

controller consisting of three constant parameters (Figure 8). This controller is the most 

widely used in the industry mainly due to its simplicity and good performance in a wide 

range of operating conditions (Salih et al. 2010), (Bresciani 2008), (FinkPetersen et al. 

2008). 

The output in the time domain is given by the following expression: 

! ! = !!! ! + !! ! ! !" + !!
!" !
!"

, (1) 

where 

KP   =    Proportional  gain  

KI   =    Integral  gain  

KD   =    Derivative  gain  

Taking the Laplace transform of Equation 1 results in the transfer function: 
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 (2) 

 

 

Figure 8. A closed-loop feedback control system with a PID controller. 

Each of the three terms has a different effect on the system and by adjusting the 

KP, KI and KD values the system can be tuned for the desired output response (Altug, 

Ostrowski and Taylor 2005). The proportional control produces an output that is 

proportional to the error and is adjusted by changing the KP value. For a given error a 

high proportional gain will result in an increased sensitivity and large change in output 

while a small gain will result in reduced sensitivity and a slower response. However, a 

too much increase in the proportional gain may result in an unstable control system. 

Adjusting the KP value allows for the rise time and steady-state error to be reduced at 

the cost of increasing overshoot. There is always steady-state error with the only 

proportional control. 

The integral term is proportional to the duration and magnitude of the error. This 

has the effect of eliminating the steady-state error. However, it may have a negative 

effect on the transient response of the control system. 
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The derivative response is proportional to the rate of change of the process. 

Adjusting KD can increase the stability of the system, reducing the overshoot and 

improving the transient response. The derivative term is highly sensitive to noise. 

Therefore, a low value is normally used. 

The effects of the three terms on a system is summarized in Figure 1. However, 

this is just a general guideline as adjusting the value of one term can change the effect 

of the other two on the system. 

Table 1 

Effects of the proportional, integral and derivative terms on a system. 

Closed Loop 

Response 
Rise Time Over Shoot Settling Time 

Steady-State 

Error 

KP Decrease Increase Small Change Decrease 

KI Decrease Increase Increase Eliminate 

KD Small Change Decrease Decrease Small Change 

1.3 Applications of Quadrotors 

Few of the applications are discussed in this section. The quadrotors are 

currently being used involving an onboard camera and one/two operators. The 

operators control both the flight of the vehicle and the camera operation. In industry 

this is provides a quick, easy and relatively cheap means for inspection of pipelines, 

bridges and large structures and navigating areas that are remote and otherwise hard 

to access. Civil applications include search and rescue, traffic congestion analysis, fire 

monitoring, hazardous materials operations and the inspection of dangerous sites as 

well as environmental assessments and nature conservation. In law enforce they are 

useful for surveillance, documenting crime scenes and gathering intelligence. They can 
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also be used for aerial photography, television and videography, real estate and 

property assessment. 

By enabling autonomous control with object recognition and video tracking 

many of these tasks can be automated allowing for more vehicles to be deployed with 

considerably fewer operators. For example, during a search and rescue mission 

multiple quadrotors could be programmed to search a given area sending an alert to 

the search team when a possible subject is found. If they were equipped with an 

infrared thermal imaging camera this would allow them to search through the night. 

Similarly, for law enforcement and surveillance a subject could be tracked by multiple 

quadrotors, all-communicating with the base station or each other. The control 

algorithm can then analyze information from not just one vehicle but the whole swarm 

allowing it to make more complex calculated decisions. 
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CHAPTER 2 

HARDWARE 

Many different quadrotor platforms have been developed for both research and 

commercial applications, however most of these tend to be relatively costly ranging 

form $2000 - $7000. The ArduCopter (ArduCopter Wiki 2012) is an open source 

quadrotor UAV project with a large active community and low cost. The controller is 

based on the popular Arduino platform and is undergoing constant development. This 

makes it a good platform for further development. 

The hardware was purchased from three vendors. The ArduCopter frame, 

controller and sensors were purchased from 3D Robotics, the manufacturer of the 

ArduCopter. The radio controller, video camera and transmitter, battery, battery 

charger, battery sensor, and the USB capture device, were purchased from various 

online resources. The total cost of the hardware excluding shipping was $1276 as seen 

in 
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Table 2. 

The hardware is discussed in three different sections: the ArduCopter (which 

consists of the frame, the drive system, the controller or autopilot and the sensors), the 

radio controller and the ground control station (that includes the wireless telemetry, 

video capture system and computer). 
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Table 2 

Parts price list. 

Part Vendor Product ID QTY Unit Price Total 

Frame 3D Robotics ArduCopter v1.0 1 $ 170.00 $ 170.00 

Motor 3D Robotics AC2830-358 4 $  18.00 $  72.00 

ESC 3D Robotics AC20-1.0 4 $  18.00 $  72.00 

Propeller 3D Robotics EPP10x45 6 $   6.00 $  36.00 

Propeller 3D Robotics EPP12x45 4 $   9.00 $  36.00 

ArduPilot Kit 3D Robotics kt-apm-01 1 $ 250.00 $ 250.00 

XBee Kit 3D Robotics kt-telemetry-xbee 1 $ 150.00 $ 150.00 

Magnetometer 3D Robotics HMC5843 1 $  44.90 $  44.90 

Sonar 3D Robotics MB1040 1 $  29.95 $  29.95 

Radio System Online Source F6EX24617M2 1 $ 179.99 $ 179.99 

Camera Online Source FPV_CCDN 1 $  16.99 $  16.99 

Camera Tx/Rx Online Source STCR351305 1 $  66.43 $  66.43 

Battery Online Source T3000.3S.30 2 $  21.79 $  43.58 

Battery Charger Online Source TGY-3 1 $  11.44 $  11.44 

Battery Monitor Online Source HKing-3S 1 $   3.99 $   3.99 

USB Capture Online Source Elgato 10020840 1 $  84.99 $  84.99 

Total: $1276.13 
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2.1 ArduCopter (Figure 9) 

This section discusses the hardware used for the quadrotor design. 

 

Figure 9. The complete ArduCopter. 

2.1.1 Frame 

The frame was purchased as a kit that contained the main plates, arms, motor 

mounts, battery mount, the carrier boards and the landing gear. 

2.1.2 Drive System 

The drive system consists of four electronic speed controllers (ESC) that drive 

the brushless DC motors. The system is powered by a battery pack via a power 

distribution board and the ESCs receive a PWM control signal from the APM, as shown 

in Figure 10. 
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Figure 10. Overview of the drive system. 

2.1.2.1 Brushless DC Motor 

Brushless DC motors are used over brushed DC motors as they have a higher 

efficiency, experience less wear, produce less noise, allow for more accurate speed 

control and offer a better thrust to weight ratio. However they are more expensive and 

require more complex and costly control electronics. The current and torque 

relationship is linear as well as the frequency and speed relationship. Brushless DC 

motors are rated by their Km (motor constant) and Kv (motor velocity constant) values. 

The Kv rating of a motor is the ratio of the unloaded RPM to peak voltage. 

PWM Control Signal

Power 
Distribution 

Board
LiPo Battery 

11.1 V

ESC

ESC

ESC

ESC
APM

Brushless DC Motor

Brushless DC Motor

Brushless DC Motor

Brushless DC Motor
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Figure 11. Brushless DC motor. 

Depending on the motor configuration they are normally referred to as either 

outrunners or inrunners. The conventional configuration is the inrunner and consists of 

three stator windings surrounding the rotor, which contains the permanent magnets. 

An outrunner consists of the stator coils in the center with the permanent magnets 

attached to the rotor which rotates around the outside. 

The motors used (shown in Figure 11) have a Kv value of 850. Thus with an 

11.1V supply they are capable of reaching a maximum of 9435 rpm. They weigh 62g 

each and can produce a maximum torque of 1095 g.  
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Table 3 

Current, power and thrust results for various throttle positions. 

Throttle 25% 50% 75% 100% 

Current (Amps) 1 3.4 9 12.2 

Power (Watts) 11 38 100 135 

Thrust (grams) 170 433 855 1095 

2.1.2.2 Electronic Speed Controller 

The motors are driven by a programmable electronic speed controller (ESC) 

which receives a 50Hz pulse width modulated (PWM) control signal from the APM and 

switches a network of field effect transistors (FETs). The position of the motor is 

determined by measuring the back EMF, which allows for the controller to energize the 

correct coil causing the motor to rotate. The ESC used in the vehicle is shown in Figure 

12 below. 

 

Figure 12. Electronic speed controller. 

2.1.2.3 LiPo Battery 

Two 11.1V lithium polymer 3-cell batteries were purchase, each with a capacity 

of 3000 mAh and weight of 269g (Figure 13). This allows for a flight time of 

approximately 10-20 minutes. 
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Figure 13. Battery pack. 

2.1.2.4 Rotor 

A set of four 10-inch rotors consists of two pushers and two pullers, as shown in 

Figure 14. The pushers are used on the clockwise rotating motors (3 and 4 as shown in 

Figure 2) while the pullers are used on the counter-clockwise rotating motors (1 and 2). 

It is important to make sure the rotors are balanced so as not to introduce vibrations 

into the system (DiCesare, Gustafson and Lindenfelzer n.d.), as this will induce errors in 

the sensor readings. 
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Figure 14. Pusher and puller rotors. 

2.1.2.5 Controller 

The controller is responsible for the stabilization of the vehicle by continually 

processing the data from the sensors and adjusting the speed of the rotors 

accordingly. The ArduPilot Mega (APM) is a controller board based on a 16MHz 

ATMega1280 microcontroller and is responsible for the stabilization and navigation 

(Figure 15). A proportional feedback control loop is implemented in the controller in 

order to stabilize the vehicle. 
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Figure 15. The ArduPilot Mega autopilot controller. 

2.1.3 Sensors 

Various sensors are used to determine the current position, orientation and 

velocity of the vehicle. The majority of these sensors are located on the Inertial 

Measurement Unit (IMU), while others are mounted on the frame and connected to 

either the IMU or the APM. 

2.1.3.1 Inertial Measurement Unit 

A separate board (ArduPilot Mega IMU Shield, Figure 16) is required to interface 

the sensors with the main controller. This board attaches to the APM and has an 

onboard gyroscope and three-axis accelerometer. It also allows for a magnetometer 

and various other sensors to be connected. 
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Figure 16. The IMU shield. 

2.1.3.2 GPS 

The GPS module attaches directly to the controller and communicates via a 

USB/UART interface. It is a MediaTek MT3329 engine (Figure 17) and allows for 

positioning of the vehicle within 3m of the desired location. 

 

Figure 17. GPS module. 
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2.1.3.3 Magnetometer 

In order to hold the same position it is important to continuously know the 

direction the vehicle is facing, as the controller needs to continuously calculate the 

corrections that need to be made to account for the drift in the yaw gyroscope. GPS 

can only calculate a directional vector when the vehicle is in motion thus a 

magnetometer is required to determine the direction whilst hovering in a single 

position. The magnetometer used is based on Honeywell's HMC5843 (Figure 18) and 

communicates through an I2C interface. It was soldered onto the IMU, leaving the I2C 

port free to be used for other peripherals if required. 

 

Figure 18. Top and bottom view of the magnetometer. 

2.1.3.4 Video Camera and Transmitter 

The onboard video system consists of a ⅓ inch CCD NTSC Sony camera with a 

resolution of 510 x 492 and a 5.4GHz four-channel video transmitter used to transmit 

the video back to the ground station. The transmitter has two connectors, a 2-pin 

power input connector that was soldered to the power distribution board, and a 5-pin 

video in connector. As seen in Figure 19, two pins are used to power the camera, two 

are used for the microphone input (not connected) and the remaining pin is the analog 

video signal. 
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Figure 19. Schematic representation of camera and transmitter. 

2.2 Radio Controller 

It is important to have a manual control that can override the control signals sent 

by the computer at all times and so a standard 6 channel RF radio control (RC) unit and 

receiver is used, as shown in Figure 20. For each channel the RC transmits a pulse 

width modulated (PWM) signal that is decoded by the ArduCopter. 

The controller consists of two control sticks each with two degrees of freedom 

that make up the first four channels. These channels provide the basic flight controls, 

namely throttle, yaw, pitch and roll by sending a varying PWM signal that ranges from 

1000 to 2000 microseconds. The remaining two channels are toggle switches that only 

have two states, low and high, represented by a PWM value of 1000 or 2000 

microseconds respectively. These toggle switches can be used to set custom control 

modes for the ArduCopter. In the design of this thesis, the channel 5 is used to toggle 

between a manual stabilized control mode and the altitude hold mode and the channel 

6 is unused.  
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Figure 20. Mode 2 radio controller. 

The layout of the first four channels is described by 4 different modes, with 

Mode 1 and Mode 2 being the most common. Mode 1 is more popular in the United 

Kingdom and has the throttle and yaw on the right hand side stick. Mode 2 will be used 

which is the favored mode in the United States and has the throttle and yaw on the left 

hand stick. 
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The PWM range will differ between RC controllers, thus the ArduCopter needs 

to be calibrated. This can either be done by setting the values manually with the 

command line interface or by using the Mission Planner GUI based calibration. Table 4 

shows functions of each channel, the low, high and default PWM values for each 

channel as well as the effect that altering the PWM value will have on the quadrotor. 

Table 4 

The minimum, maximum and default PWM values for each channel. 

Channel Function Low High Default Low Effect High Effect 

1 Roll 1120 1932 1526 Left Right 

2 Pitch 1107 1937 1522 Forward Back 

3 Throttle 1105 1934 1150 Down Up 

4 Yaw 1104 1934 1519 Left Right 

5 Mode 965 2073 965 Stabilize Alt. Hold 

6 Unused 967 2072 - - - 

2.3 Ground Control Station 

The ground control station (GCS, Figure 21) handles all the video processing 

and consists of a laptop computer, wireless video receiver, USB video capture device 

and a USB XBee wireless module for telemetry. Telemetry is the transmission of the 

sensor data and commands between the ArduCopter and the GCS. The sensor data 

includes current position data from the GPS, altitude, velocity, orientation and RC 

PWM values. The ground station is connected to the XBee module via an XBee 

Explorer which allows for the serial commands to be sent and received over USB. 
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Figure 21. Ground control station. 

2.3.1 Wireless video receiver 

The video receiver requires a 12V power supply. Therefore, a 2.1mm power jack 

was placed on the right hand side of the GCS. This allows for the receiver to be 

powered with a wall wart or a 12V battery may be used. 

2.3.2 USB Capture Device 

A capture device is required to convert the analog video output from the 

wireless video receiver to a digital format that can be used by the software. These 

capture devices are available as either internal capture cards or external devices that 

are commonly connected via USB or FireWire. An Elgato 10020840 external USB2.0 

device was chosen (Figure 22), as it can be used with either a desktop or portable 

computer and USB connections are more common than FireWire. It supports a video 

resolution of 640 x 480 and uses either the H.264 codec at 1.4MBit/s or the MPEG-4 

codec at 2.4Mbit/s.  
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Figure 22. Elgato USB video capture device. 

2.3.3 XBee 

XBee radios are small, low-powered radios well suited to low bandwidth RF 

applications. They implement a simple serial command set making them ideal to 

wirelessly interface a microcontroller and personal computer. The two XBee modules 

considered were the XBP09 and the XBP24, which operate at 900 MHz and 2.4 GHz, 

respectively. The XBP09 is capable of point-to-point, peer-to-peer and point-to-

multipoint networking and has a range of up to 10km and a data rate of 156 Kbit/s. The 

XBP24 modules are based on the IEEE 802.15.4 standard (the basis for ZigBee) and 

have a higher data rate of 250 Kbit/s but a reduced range of 1.6km. Table 5 shows the 

characteristics of the two modules. 
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Table 5 

The operating frequency, data rates and range for the XBee modules. 

 XBP09-DPWIT-156 XBP24-AWI-001 

Frequency 900 MHz 2.4 GHz 

Data Rate (Kbit/s) 156 250 

Range (km) 10 1.6 

 

The XB09 module was selected due to the greater range and an operating 

frequency of 900 MHz, which would not cause interference with the 2.4GHz RC. In 

order to interface the XBee module with the APM an XtreamBee Board is used in the 

current design (refer Figure 23).  

 

Figure 23. Showing the serial connection pins on the XtreamBee board. 
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2.3.4 Computer 

A command line program is executed on a computer running Mac OS 10.6.8 

with OpenCV 2.3.1 installed. Two USB connections are required for the XBee and 

Video capture device. 
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CHAPTER 3 

WIRELESS COMMUNICATION OF THE QUADROTOR 

Video processing requires a substantial amount of processing power and is 

beyond the capability of the AVR microcontroller used to control the APM. To perform 

the processing onboard the quadrotor a microcomputer (BeagleBoard, BeagleBone, 

Raspberry Pi or similar board) capable of running OpenCV would be required. This 

would add weight and require significantly more power thus reducing the battery life 

and flight time considerably. Instead a ground control station (GCS) is used to do all 

the heavy processing. This is accomplished by sending the video to the GCS via a 

wireless transmitter. The GCS processes the video and determines the actions to be 

taken, sending back control commands to the ArduCopter. As seen in Figure 24 the 

video link is a one-way downlink while the control link is bidirectional, allowing for the 

GCS to send and receive data from the ArduCopter. It is important for these links to 

operate at different frequencies so as not to cause any interference. The RC operates 

at 2.4GHz, thus a 5.4GHz video transmitter was selected. The data link consists of two 

XBee modules  
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Figure 24. Wireless communication setup. 

3.1 Serial Communication 

The RS-232 standard Serial communication involves sending a byte of data one 

bit at a time over a single transmission line TX and it receives a packet of data over the 

RX line. As shown in Figure 25, the serial packet consists of 10 bit. First the start bit 

(always logic low) is sent. Next, the char is sent from least significant bit (b0) to most 

significant (b7) and finally the stop bit is sent, which is logic high. Some connections 

make use of a parity bit, which comes before the stop bit. However, the XBee model 

does not make use of the parity bit. This connection thus has a 2-bit overhead and is 

known as an 8N1 connection (start/stop bit with no parity). Serial connections were 

designed to transmit data over relatively long distance and have a range of about 15m. 

These connections make use of voltages up to 25V. Long data lines however are not 

needed, so the XBee uses TTL levels of 0 - 3.3V. 
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Figure 25. Breakdown of an 8N1 serial packet. 

The XBee has a full duplex connection and can thus send and receive data at 

the same time. The speed of the connection is described as the baud rate and is 

measured in bits per second (bps). A serial connection traditionally consists of a 25-pin 

D-sub connector however a minimal serial connection can be made with just 3 or 5 

wires. The XtreamBee serial break out board (Figure 23) for the XBee uses the 5-wire 

connection with the following pins: 

GND   –  Logic  Ground  

TXD   -‐  Transmitted  Data  

RXD   -‐  Received  Data  

RTS   -‐  Request  to  Send  

CTS   -‐Clear  to  Send  

 

Serial communication is implemented by using the standard UNIX library 

termios.h, which has functions for setting up and connecting to a serial port (Sweet 

1999). Passing the serial port name and the required baud rate to the serial port 

b1 b2 b3 b4 b5 b6 b7 Stopb0Start

Start 11 10 1 00 0 Stop
3.3V

0V
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initialization function opens the port and sets up the required option flags for an 8N1 

connection: 
serialport_init(const	  char*	  serialport,	  int	  baud),	  

where the option flags are set as follows 
options.c_cflag	  &=	  ~PARENB	  

options.c_cflag	  &=	  ~CSTOPB	  

options.c_cflag	  &=	  ~CSIZE;	  

options.c_cflag	  |=	  CS8;	  

3.2 MAVLink 

The ArduCopter uses MAVLink, a two-way communication protocol based on 

the W-CAN and SAE AS-4 standard that was developed specifically for micro air 

vehicles. MAVLink consists of a header library that has implemented various commonly 

used messages that allow for settings to be updated, sensor readings to be read, 

modes to be changed and control commands to be sent. If custom messages are 

required they may be generated in either C or Python with the Python based tool 

pymavlink (Tridgell 2012). 

A message packet varies in length and can be between 8 and 263 bytes. Every 

packet consists of at least 8 bytes and the message type determines the length of the 

payload which can be between 0 - 255 bytes. The format of a packet is shown in Table 

6. The first byte is the packet start sign (0x55) and is followed by the payload length (0-

255). The third byte is the packet sequence and represents the number of messages 

that have been generated during the current session. This number is automatically 

incremented when each new message is packed. The next two bytes are the system ID 

and the Component ID. This allows for multiple systems to communicate with multiple 

vehicles as a message can be addressed to a specific one. The sixth byte is the 

message id that determines the function of the message. There are a number of 

commonly used messages as well as some that are specific to the ArduCopter. The 
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payload can vary in length from 0 - 255 bytes depending on the message and it carries 

the information either being sent to or received from the ArduCopter. 

Table 6 

Packet content. 

Byte Content Value 

0 Packet start sign 0x55 

1 Payload length 0 - 255 = n 

2 Packet sequence 0 - 255 

3 System ID 0 - 255 (255) 

4 Component ID 0 - 255 (0) 

5 Message ID 0 - 255 

6 - (5+n), if n>0 Data 0 - 255 bytes 

(6 + n) Checksum A  

(7 + n) Checksum B  

 

The payload can contain 8/16/32/64 bit signed or unsigned integers, floats, 

doubles or char values. Finally the last two bytes consist of a 16bit checksum 

generated by the same means as that used in the ITU X.25 and SAE AS-4 standards. 

The number of messages that can be sent per second is determined by the 

speed of the serial connection and the payload size. The XBee modules have a baud 

rate of 57600 bps, therefore the number of messages per second can be described by 

Equation 3. This results in a message rate of between 21.9Hz and 720Hz depending on 

the payload length.  
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!"##$%"#  !"#  !"#$%& = !"#$  !"#$
!"  ×  !".!"  !"#$%  !"  !"##$%"

=    !"#$$
!"× !!!"#$%"&  !"#$%!

 (3) 

Table 7 

MAVLink RC channel override message payload. 

Byte Type Description 

0 8 bit unsigned integer Target System ID 

1 8 bit unsigned integer Target Component ID 

2-3 16 bit unsigned integer RC channel 1 PWM value 

4-5 16 bit unsigned integer RC channel 2 PWM value 

6-7 16 bit unsigned integer RC channel 3 PWM value 

8-9 16 bit unsigned integer RC channel 4 PWM value 

10-11 16 bit unsigned integer RC channel 5 PWM value 

12-13 16 bit unsigned integer RC channel 6 PWM value 

14-15 16 bit unsigned integer RC channel 7 PWM value 

16-17 16 bit unsigned integer RC channel 8 PWM value 

 

The main message used in the program is the RC Channel Override message, 

which allows for the program to set the PWM values for each channel overriding the 

RC values for one or multiple channels. The message payload consists of 18 bytes, as 

shown in Table 7. The first two bytes are the target system and component id, which 

are both set to one. The remainder of the payload consists of eight 16 bit unsigned 

integers representing the PWM value for each channel. To override the channel this 

value should be between the minimum and maximum PWM values for that channel, 

normally between 1000 and 2000. To release control of a channel back to the 
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ArduCopter a value of 0 is set and to leave the current value for the channel unchanged 

a value of -1 (0xFFFF) is set. 

Each message has a corresponding pack function that takes the required values 

and generates the message. To generate an RC override message the 

mavlink_msg_rc_channels_override_pack  function is used, where msg is a pointer to 

the final packed message. 

mavlink_msg_rc_channels_override_pack(	  

	  	  uint8_t	  system_id,	  

	  	  uint8_t	  component_id,	  

	  	  mavlink_message_t*	  msg,	  

	  	  uint8_t	  target_system,	  

	  	  uint8_t	  target_component,	  

	  	  uint16_t	  chan1_raw,	  

	  	  uint16_t	  chan2_raw,	  

	  	  uint16_t	  chan3_raw,	  

	  	  uint16_t	  chan4_raw,	  

	  	  uint16_t	  chan5_raw,	  

	  	  uint16_t	  chan6_raw,	  

	  	  uint16_t	  chan7_raw,	  

	  	  uint16_t	  chan8_raw	  

)	  

MAVLink has already been implemented on the ArduCopter and thus, only 

needed to be incorporated in the ground control station program. On the GCS the 

message is packaged with the required MAVLink pack method and then sent out over 

the serial port. The ArduCopter then receives the message and checks the data 

integrity by comparing the checksum. If there is no data lost then the message is 

unpacked and the data is passed to the required function determined by the message 

id. A number of helper functions were created to pack and send messages out over the 
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serial port. The mav_send_message  function sends a packed message one byte at a 

time and checks to see if the complete message was sent successfully. 

 
int	  mav_send_message(uint8_t	  *buf,	  mavlink_message_t	  *msg,	  int	  fd)	  {	  

	  	  uint16_t	  length	  =	  mavlink_msg_to_send_buffer(buf,	  msg);	  

	  	  int	  n;	  

	  	  int	  bytesSent	  =	  0;	  

	  

	  	  for	  (n	  =	  0;	  n	  <	  length;	  n++)	  {	  

	  	  	  	  if	  (serialport_writebyte(fd,	  buf[n]))	  

	  	  	  	  	  	  bytesSent++;	  

	  	  }	  

	  

	  	  //	  check	  if	  message	  was	  sent	  sucessfully	  

	  	  printf("Sending:	  %d	  of	  %d	  bytes	  sent\t",	  bytesSent,	  length);	  

	  	  if	  (bytesSent	  ==	  length)	  {	  

	  	  	  	  printf("(SUCCESS)\n");	  

	  	  	  	  return	  1;	  

	  	  }	  else	  {	  

	  	  	  	  printf("(FAILED)\n");	  

	  	  	  	  return	  0;	  

	  	  }	  

}	  

 

The function mav_rc_overide  takes percentage values for each channel then 

converts them into PWM values, packs the message and send it out over the serial 

port. If the value is between 0 and 100 it is converted to the corresponding PWM, 

determined by the maximum and minimum PWM values for that channel. However if 

the percentage value is -1 then the PWM value is set to -1 and that channel is left 

unchanged. Any other percentage value will set the PWM value to 0 and release 

control of that channel back to the RC. 
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void	  mav_rc_overide(uint8_t	  *buf,	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  mavlink_message_t	  *msg,	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  int	  fd,	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  int	  percentValue[8])	  {	  

	  	  uint16_t	  pwmValue[8];	  

	  	  int	  i;	  

	  	  	  

	  	  for	  (i	  =	  0;	  i	  <	  8;	  i++)	  {	  

	  	  	  	  if	  (percentValue[i]	  >=	  0	  &&	  percentValue[i]	  <=	  100)	  

	  	  	  	  	  	  pwmValue[i]	  =	  convert_percentage_to_value(PWM_LOW,	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  PWM_HIGH,	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  percentValue[i]);	  

	  	  	  	  else	  if	  (percentValue[i]	  ==	  -‐1)	  

	  	  	  	  	  	  pwmValue[i]	  =	  -‐1;	   /*	  leave	  unchanged	  */	  

	  	  	  	  else	  	  

	  	  	  	  	  	  pwmValue[i]	  =	  	  0;	   /*	  release	  to	  RC	  radio	  */	  

	  	  }	  

	  	  	  

	  	  //	  Send	  RC	  Overide	  

	  	  mavlink_msg_rc_channels_override_pack(	  

	  	  	  	  255,	   	   /*	  system_id	  */	  

	  	  	  	  0,	  	   /*	  component_id	  */	  

	  	  	  	  msg,	   	   /*	  mavlink	  message	  */	  

	  	  	  	  1,	  	   /*	  target_system	  */	  

	  	  	  	  1,	  	   /*	  target_component	  */	  

	  	  	  	  pwmValue[0],	   /*	  chan1_raw	  */	  

	  	  	  	  pwmValue[1],	   /*	  chan2_raw	  */	  

	  	  	  	  pwmValue[2],	   /*	  chan3_raw	  */	  

	  	  	  	  pwmValue[3],	   /*	  chan4_raw	  */	  

	  	  	  	  pwmValue[4],	   /*	  chan5_raw	  */	  

	  	  	  	  pwmValue[5],	   /*	  chan6_raw	  */	  

	  	  	  	  pwmValue[6],	   /*	  chan7_raw	  */	  

	  	  	  	  pwmValue[7]	   /*	  chan8_raw	  */	  

	  	  );	  

	  	  mav_send_message(buf,	  msg,	  fd);	  

}	  
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To arm the motors, after the ArduCopter has booted up, the left control stick is 

held in the bottom right position for a few seconds. This corresponds to a throttle value 

of 0% and a yaw right value of 100%. A function was created to arm the motors by 

sending a message with the corresponding PWM values for channel three and four, 

waiting 4 seconds and then handing control back to the RC. 

 
void	  mav_enable_motors(uint8_t	  *buf,	  mavlink_message_t	  *msg,	  int	  fd)	  {	  

	  	  printf("\nAttempting	  to	  send:	  Arm	  Motors\n");	  

	  

	  	  //	  Send	  RC	  Overide	  

	  	  mavlink_msg_rc_channels_override_pack(	  

	  	  	  	  255,	  	  	  	  	  	  	  	  /*	  system_id	  */	  

	  	  	  	  0,	  	  	  	  	  	  	  	  	  	  /*	  component_id	  */	  

	  	  	  	  msg,	  	  	  	  	  	  	  	  /*	  mavlink	  message	  */	  

	  	  	  	  1,	  	  	  	  	  	  	  	  	  	  /*	  target_system	  */	  

	  	  	  	  1,	  	  	  	  	  	  	  	  	  	  /*	  target_component	  */	  

	  	  	  	  0,	  	  	  	  	  	  	  	  	  	  /*	  chan1_raw	  */	  

	  	  	  	  0,	  	  	  	  	  	  	  	  	  	  /*	  chan2_raw	  */	  

	  	  	  	  PWM_LOW,	  	  	  	  /*	  chan3_raw	  */	  

	  	  	  	  PWM_HIGH,	  	  	  /*	  chan4_raw	  */	  

	  	  	  	  0,	  	  	  	  	  	  	  	  	  	  /*	  chan5_raw	  */	  

	  	  	  	  0,	  	  	  	  	  	  	  	  	  	  /*	  chan6_raw	  */	  

	  	  	  	  0,	  	  	  	  	  	  	  	  	  	  /*	  chan7_raw	  */	  

	  	  	  	  0	  	  	  	  	  	  	  	  	  	  	  /*	  chan8_raw	  */	  

	  	  );	  

	  	  mav_send_message(buf,msg,fd);	  

	  	  	  

	  	  usleep(6000	  *	  1000);	  	  	  	  //	  wait	  4	  sec	  

	  	  	  

	  	  mavlink_msg_rc_channels_override_pack(	  

	  	  	  	  255,	  	  	  	  /*	  system_id	  */	  

	  	  	  	  0,	  	  	  	  	  	  /*	  component_id	  */	  

	  	  	  	  msg,	  	  	  	  /*	  mavlink	  message	  */	  

	  	  	  	  1,	  	  	  	  	  	  /*	  target_system	  */	  
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	  	  	  	  1,	  	  	  	  	  	  /*	  target_component	  */	  

	  	  	  	  0,	  	  	  	  	  	  /*	  chan1_raw	  */	  

	  	  	  	  0,	  	  	  	  	  	  /*	  chan2_raw	  */	  

	  	  	  	  0,	  	  	  	  	  	  /*	  chan3_raw	  */	  

	  	  	  	  0,	  	  	  	  	  	  /*	  chan4_raw	  */	  

	  	  	  	  0,	  	  	  	  	  	  /*	  chan5_raw	  */	  

	  	  	  	  0,	  	  	  	  	  	  /*	  chan6_raw	  */	  

	  	  	  	  0,	  	  	  	  	  	  /*	  chan7_raw	  */	  

	  	  	  	  0	  	  	  	  	  	  	  /*	  chan8_raw	  */	  

	  	  );	  

	  	  mav_send_message(buf,msg,fd);	  

	  	  	  	  	  

}	  
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CHAPTER 4 

OBJECT DETECTION & VIDEO PROCESSING 

Object tracking is performed using a vision system. It consists of three steps as 

follows: (1) the detection of the desired object, (2) the tracking of the object between 

frames and (3) the analysis of the changes in object position to determine the behavior 

of the object. This has many applications including vehicle navigation, surveillance and 

motion-based recognition (Mellinger, et al. n.d.). As discussed in Chapter 3, the 

OpenCV based control software running on the GCS performs the object tracking. This 

chapter will briefly cover computer vision, the OpenCV library and template matching. 

4.1 Computer Vision, Object Recognition and Video Tracking 

Object recognition is used to find a given object in an image or video sequence. 

This can be an extremely difficult task as the appearance of the object to be detected 

is dependent on various factors (Yang 2009), such as the position of the object relative 

to the camera, lighting variations and differences in the object models. There are three 

main methods used in computer vision to detect objects: geometry-based, 

appearance-based and feature-based. Geometry-based methods use geometric 

models and were used in the initial attempts of object detection, however this proved 

to only be effective in limited situations. Appearance-based and feature-based 

methods (Mondragón, et al. 2010) are currently more common and will be discussed 

briefly. 

Appearance-based methods use a reference image to identify the object; 

however the object may not be reconcilable under different lighting conditions and at 

different angles. Therefore multiple images are generally used. Some of these 

techniques include edge matching, divide and conquer sear, grey scale matching, and 

gradient matching. 

Feature-based methods involve analyzing the image for possible feature 

matches with the object features. Surface patches, corners and linear edges are 
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features that could be used to match an object. Some common methods include 

interpretation trees, hypothesize and test, pose consistency, pose clustering, 

invariance, geometric hashing, scale-invariant feature transform (SIFT) and speeded up 

robust features (SURF). 

A video tracking method must be selected according to the object to be tracked 

as each method has better performance for a specific subject. Blob tracking (Eberli, et 

al. 2011) is useful for detecting human movement as the shape is continuously 

changing. Other algorithms include kernel based tracking and contour tracking. 

Filtering algorithms are more complex and can be used for tracking objects that have 

been partially obscured or have a more complex shape. Common filtering algorithms 

include the Kalman filter and the particle filter. 

4.2 OpenCV 

OpenCV is an open source real-time video-processing library originally 

developed by Intel in 1999 that can be freely used for commercial or non-commercial 

applications. It is now maintained by Willow Garage and is under active development 

with a new release every six months. It was originally written in C however the latest 

version has a new C++ interface as well as wrappers for various other languages 

including Python, Ruby, Java and C#. At its core OpenCV consists of a collection of 

cross-platform C functions and C++ classes that allow for high-speed common 

computer vision functions to be performed (Laganière 2011). Libraries for many 

applications are available including facial recognition, motion tracking, machine 

learning and mobile robotics. As can be seen in Figure 26, the CXCore implements all 

the basic structures, algorithms and drawing functions while CV handles all the image 

processing and vision algorithms (Balas 2007). HighGUI is responsible for the creation 

of windows, handling mouse and keyboard events, adding track-bars, reading and 

writing images from or to disk, capturing video from a camera and writing video to a 
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file. CvCam allows for video to be captured and processed and all the machine-

learning algorithms reside in the ML library. 

 

   

Figure 26. OpenCV structure. 

4.2.1 Image Types 

OpenCV supports multiple image types and has the following tag structure, 

CV_<Datatype>C<#  Channels>,  

where 

Datatype   =  bit  depth  (8,  16,  32  and  64  bits)  

Channels   =  no.  of  channels  (grayscale  =  1,  RGB  =  3,  HSV  =3)  

For example an 8-bit grayscale image will have the tag CV_8UC1, while an 8-bit 

color image will have the tag CV_8UC3. 
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CV
image processing
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Table 8 shows the OpenCV tags for single and three channel images and their 

corresponding OpenCV Values. 
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Table 8 

OpenCV tags for single and three channel images. 

OpenCV Tag Representation C Data Type 
OpenCV 

Value 

CV_8UC1 8-bit unsigned integer uchar 0 

CV_8SC1 8-bit signed integer schar 1 

CV_16UC1 16-bit unsigned integer ushort 2 

CV_16SC1 16-bit signed integer short 3 

CV_32SC1 32-bit signed integer int 4 

CV_32FC1 32-bit floating-point number float 5 

CV_64FC1 64-bit floating-point number double 6 

CV_8UC3 8-bit unsigned integer uchar 16 

CV_8SC2 8-bit signed integer schar 17 

CV_16UC3 16-bit unsigned integer ushort 18 

CV_16SC3 16-bit signed integer short 19 

CV_32SC3 32-bit signed integer int 20 

CV_32FC3 32-bit floating-point number float 21 

CV_64FC3 64-bit floating-point number double 22 

4.2.2 Basic Structures 

OpenCV has some basic structures such as Point, Size, Rect and Mat (The 

OpenCV Reference Manual 2011). Point is a 2-dimensional point with coordinates (x, y) 

used to reference a single pixel in an image while Point3 is a 3-dimensional point with 

coordinates (x,y,z). Size is a class that describes the width and height of an image. 



 

 48 

Rect is template class for creating 2-dimensional rectangles by specifying the 

coordinates of the upper left hand corner as well as the width and height. Rect is used 

to create a region of interest (ROI) when referring to a small subsection of an image. 

Mat is the primary data structure and consists of a multidimensional array used to store 

single or multichannel images and their components. Its main parameters are the 

number of rows and columns, image type and an array (Figure 27) for each channel, 

containing the pixel values for each location. 

 

Figure 27. A three channel RGB Mat array. 
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4.2.3 Common Functions 

OpenCV has many functions so only a few of the common ones will be looked 

at. To open an image, the path to the image file and the image type needs to be 

specified. See 
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Table 8 for valid image types and their tags (The OpenCV Reference Manual 2011). 

targetImage	  =	  imread(targetPath,	  imageType);	  

To load a video stream the camera device number needs to be passed to the 

function. If set at zero the default camera will be opened. A single frame can then be 

grabbed from the video stream and processed. 
VideoCapture	  cap(sourceCamera);	  

cap	  >>	  sourceImage;	  

For drawing in a window there are functions for circles, ellipse, lines, rectangles 

and text. By passing in a negative value for thickness the shape will be filled instead of 

stroked. 
void	  circle(image,	  Point(x,y),int	  rad,	  CV_BGR(b,g,r),	  int	  thickness=1)	  

void	  ellipse(image,	  RotatedRect	  box,	  CV_BGR(b,g,r),	  int	  thickness=1)	  

void	  line(image,	  Point(x,y),	  Point(x,y),	  CV_BGR(b,g,r),	  int	  thickness=1)	  

void	  rectangle(image,	  Point(x,y),	  Point(x,y),	  CV_BGR(b,g,r),	  int	  thickness=1)	  

4.3 Template Matching 

Template matching is one of the most common techniques used for object 

detection and has been implemented in OpenCV as the matchTemplate function. In 

order to perform the match, a template image is used to identify an object in a source 

image by comparing the pixel values of the target with those in a portion of the source 

image. A result image is created with each pixel value representing the confidence of 

the match at the corresponding location. There are six different comparison methods 

available in OpenCV (The OpenCV Reference Manual 2011), given by Equations 4 -9 

where the following notations are used: 

T   =  template  image  matrix  

Tw   =  template  image  width  

Th   =  template  image  height  

S   =  source  image  matrix  



 

 51 

Sw   =  source  image  width  

Sh   =  source  image  height  

R   =  result  image  matrix  

Rw   =  result  image  width  

Rh   =  result  image  height  

R(x,y)  =  match  location  relative  to  result  image  

M(x,y)  =  match  location  relative  to  source  

x’   =  0...Tw  −  1,  

y’   =  0...Th  −  1  

! !,! =    ! !!,!! − ! ! + !!, !
!!,!!  (4) 

! !,! =   
! !!,!! !! !!!!,!!!!

!
!!,!!

! !!,!! !∙ ! !!!!,!!!! !!!,!!!!,!!
 (5) 

! !,! = ! !!,!! ∙ ! ! + !!,! + !!!!,!!  (6) 

! !,! =
! !!,!! ∙! !!!!,!!!!!!,!!

! !!,!!!!,!! ∙ ! !!!!,!!!! !!!,!!
 (7) 

! !,! = !! !!,!! ∙ !! ! + !!,! + !!!!,!!  (8) 

! !,! =
!! !!,!! ∙!! !!!!,!!!!!!,!!

!! !!,!! !∙ !! !!!!,!!!! !!!,!!!!,!!
 (9) 
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Figure 28. Sliding window method used for template matching. 

The template image T is initially overlaid on the source image S, starting in the 

upper left corner as shown in Figure 28. A comparison of the pixels is performed and 

the result R of is the confidence of the match at this location. The template image is 

moved 1 pixel to the right (x = x +1) and another comparison is performed. When the 

right edge of the template image reaches the right edge of source (x = Sw - Tw) the 

template image is then moved down 1 pixel (y = y + 1, x = 1) and the process is 

repeated until the template reaches the bottom right corner (x = Sw – Tw, y = Sh - Th). 

The result image will have a width of Rw = Sw – Tw and a height of Rh = Sh – Th. The 

location in the result image with either the highest or lowest value, depending on the 

method used, has the highest match probability. This point is relative to the result 

image and thus needs to be converted to a point relative to the source image, using 

Equations 10 and 11 given below: 

!! =   !! + !! −   
!!
!
   (10) 

!! = !! + !! −   
!!
!

 (11) 

 

One of the disadvantages of this method is that it can be slow if the source 

image is relatively large or the template image is much smaller than the source. In this 
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case the source image from the video feed is 640 x 480 pixels. Assuming a template 

image of 100 x 100 pixels then 205,200 comparisons of the template image would be 

performed as seen in Equation 12. 

!". !"  !"#$%&'(")( = 640− 100   ×   480− 100 = 205200 (12) 

 

Another disadvantage is that the target in the template image needs to be the 

same size as the target in the source image. This is a problem as the size of the target 

in the source image is dependent on the distance between the quadrotor and the 

target. There are two possible ways to overcome this, the first is to get an altitude 

reading from the ArduCopter and scale the target image accordingly to match the 

expected size of the target in the source. This would require that the size of the target 

is known and that an accurate measurement of the distance to the target can be 

obtained. The other method would be to attempt a match and if one is not found then 

scale the target and repeat until a match is found. However this would be significantly 

more computationally expensive and would result in a much lower frame rate. 

To perform a template match in OpenCV the template image is loaded as a 

gray-scale image and stored in a Mat. The video stream is opened using the desired 

camera source and then a single frame is grabbed and stored as the source image. 

The image that is captured form the camera is an 8-bit image and has three channels, 

red, green and blue. We do not need the color channels, as our target image is black 

and white, so we convert the image to gray scale and thus have just one channel. This 

greatly reduces the size of the matrix (by a factor of almost 3) and results in a 

significant speed increase. 

 
Mat	  source;	  

Mat	  target;	  
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Mat	  result;	  

	  

//	  Load	  the	  template	  image	  as	  a	  grayscale	  image	  

target	  =	  imread(targetPath,	  0);	  

	  

//	  Start	  capturing	  on	  the	  default	  video	  device	  

VideoCapture	  cap(sourceCamera);	  

	  

While(TRUE)	  {	  

	  	  //	  Grab	  a	  single	  frame	  

	  	  cap	  >>	  source;	  

	  

	  	  //	  Convert	  source	  image	  to	  grayscale	  

	  	  cvtColor(source,	  result,	  CV_RGB2GRAY);	  

	  

	  	  //	  Create	  the	  result	  matrix	  

	  	  resultCols	  =	  source.cols	  -‐	  template.cols	  +	  1;	  

	  	  resultRows	  =	  source.rows	  -‐	  template.rows	  +	  1;	  

	  	  result.create(resultCols,	  resultRows,	  CV_32FC1);	  

	  

	  	  //	  Perform	  the	  match	  

	  	  matchTemplate(source,	  template,	  result,	  matchMethod);	  

	  }	  

	  

4.3.1 Fast Template Matching 

One method of improving the time taken to perform the template matching is to 

equally scale down the source and template images. By doing this the number of 

comparisons performed can be reduced greatly. For example, if we scaled down a 

source image of 640 x 480 pixels and a template image of 100 x 100 pixels by a factor 

of 4 then the number of comparisons performed will be reduced from 205,200 to 

12,825 (Equation 13). This results in a significantly large computational saving as now 

93.25% fewer comparisons are performed, however the accuracy of the location of the 
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match will be less accurate. The confidence of the match will also be affected, as 

information is lost when the image is down-sampled. 

!". !"  !"#$%&'(")( = !"#
!
− !""

!
× !"#

!
− !""

!
= 12825 (13) 

The down pyramid function (pyrDown) in OpenCV smoothes and down-samples 

an image to the given size. In order to scale down the source image by a factor of 4, 

the function would be called as shown below. 

pyrDown(source,	  result,	  Size((source.cols+1)/2,	  (source.rows+1)/2));	  

An OpenCV function created by (Georgiou 2010) uses this method to down-

sample the source and template images and find multiple match locations. The original 

source image is then searched around these match locations by creating a ROI that is 

centered on the match location with a size that is slightly larger than the template 

image. This allows for the match location to be determined without a great cost in 

computation or resolution. 

4.3.2 Improvements 

The final algorithm used to perform the template matching was based on the 

FastMatchTemplate by (Georgiou 2010). The original function was updated to use the 

new C++ Mat structure, which does not require memory management. All unneeded 

code was removed, as only one match location was required, thus simplifying the 

function. For this application the goal is to detect an object while flying above it and at 

high altitudes it is likely that the target is only going to move by a small number of 

pixels between each pass through the loop. An option was thus added to skip the 

down sampling step if there was a match previously and instead just search around the 

location of the previous match. This can produce a small improvement in the time 

taken to find a match for a slow moving target. This method will also filter out any large 

changes in the match location that could be due to false positives or other targets 
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being detected and will prevent the quadrotor from making sudden changes or loosing 

track of the current object. 

4.3.3 Template Match Algorithm 

The first thing to do is to check that the template image is smaller than the 

source image and that the number of channels in each image is equal, otherwise the 

macthTemplate function will fail. Next copies of the source and template are made so 

as to not alter the originals. 

 
//	  make	  sure	  that	  the	  target	  image	  is	  smaller	  than	  the	  source	  

if	  (target.cols	  >	  source.cols	  ||	  target.rows	  >	  source.rows)	  {	  

	  	  printf(	  "ERROR:	  Source	  image	  must	  be	  larger	  than	  target	  image.\n"	  );	  

	  	  return	  FALSE;	  

}	  

	  

if	  (source.channels()	  !=	  target.channels())	  {	  

	  	  printf("ERROR:	  Source	  image	  and	  target	  image	  must	  have	  same	  number	  of	  

channels.\n"	  );	  

	  	  printf("	  	  	  	  	  	  	  Source	  num	  channels	  =	  %d\n",	  source.channels());	  

	  	  printf("	  	  	  	  	  	  	  Target	  num	  channels	  =	  %d\n",	  target.channels());	  

	  	  return	  FALSE;	  

}	  

	  

//	  create	  copies	  of	  the	  images	  to	  modify	  

source.copyTo(copyOfSource);	  

target.copyTo(copyOfTarget);	  

 

In the case when there was not a match last time through the loop then down 

sample the images and try to find a match with confidence above the desired value. If 

a match is found then the match location is set to then new value. 

 
if(!previousMatch)	  {	  
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	  	  //	  down	  pyramid	  the	  images	  

	  	  for	  (int	  i	  =	  0;	  i	  <	  numDownPyrs;	  i++)	  {	  

	  	  	  	  Mat	  smallSource;	  

	  	  	  	  Mat	  smallTarget;	  

	  	  	  	  pyrDown(copyOfSource,	  smallSource,	  	  

	  	  	  	  	  	  	  	  	  	  	  	  Size((copyOfSource.cols+1)/2,	  (copyOfSource.rows+1)/2));	  

	  	  	  	  pyrDown(copyOfTarget,	  smallTarget,	  	  

	  	  	  	  	  	  	  	  	  	  	  	  Size((copyOfTarget.cols+1)/2,	  (copyOfTarget.rows+1)/2));	  

	  	  	  	  //	  prepare	  for	  next	  loop,	  if	  any	  

	  	  	  	  smallSource.copyTo(copyOfSource);	  

	  	  	  	  smallTarget.copyTo(copyOfTarget);	  

	  	  }	  

	  

	  	  //	  Create	  the	  result	  matrix	  

	  	  resultCols	  =	  copyOfSource.cols	  -‐	  copyOfTarget.cols	  +	  1;	  

	  	  resultRows	  =	  copyOfSource.rows	  -‐	  copyOfTarget.rows	  +	  1;	  

	  	  result.create(resultCols,	  resultRows,	  CV_32FC1);	  

	  

	  	  //	  Do	  the	  Matching	  

	  	  matchTemplate(copyOfSource,	  copyOfTarget,	  result,	  matchMethod);	  

	  	  minMaxLoc(result,	  &minVal,	  &maxVal,	  &minLoc,	  &maxLoc,	  Mat());	  

	  

	  	  //	  For	  SQDIFF	  and	  SQDIFF_NORMED,	  the	  best	  matches	  are	  lower	  values.	  	  

	  	  //	  For	  all	  the	  other	  methods,	  the	  higher	  the	  better	  

	  	  if	  (matchMethod	  	  ==	  CV_TM_SQDIFF	  ||	  matchMethod	  ==	  CV_TM_SQDIFF_NORMED)	  {	  

	  	  	  	  matchLoc	  =	  minLoc;	  

	  	  	  	  matchVal	  =	  (1	  -‐	  minVal)	  *	  100;	  

	  	  }	  else	  {	  

	  	  	  	  matchLoc	  =	  maxLoc;	  

	  	  	  	  matchVal	  =	  maxVal	  *	  100;	  

	  	  }	  

	  	  	  

	  	  if	  (matchVal	  >	  matchConfidence)	  {	  

	  	  	  	  matchLoc.x	  *=	  (int)	  pow((double)	  2,	  numDownPyrs);	  

	  	  	  	  matchLoc.y	  *=	  (int)	  pow((double)	  2,	  numDownPyrs);	  

	  	  	  	  matchLoc.x	  +=	  target.cols	  /	  2;	  
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	  	  	  	  matchLoc.y	  +=	  target.rows	  /	  2;	  

	  	  	  	  matchPoint	  	  =	  matchLoc;	  

	  	  }	  

}	  

 

In the case, when there was a previous match or there is a new match then the 

original source image is searched over a small user defined region of interest. If a valid 

match is found in this region then we convert the match location back to the source 

image coordinates. Finally by drawing functions descried in Section 4.2.3, the target 

location may be highlighted on the source image and displayed for the user. 

 
//	  If	  the	  max/min	  value	  is	  below	  the	  threshold	  value	  then	  exit	  

if	  (previousMatch	  |	  (matchVal	  >	  matchConfidence))	  {	  

	  	  //	  set	  the	  source	  image's	  ROI	  to	  slightly	  larger	  than	  the	  target	  image,	  	  

	  	  //	  centred	  at	  the	  current	  point	  

	  	  Rect	  searchRoi;	  

	  	  searchRoi.x	  =	  matchLoc.x	  -‐	  (	  target.cols	  )	  /	  2	  -‐	  searchExpansion;	  

	  	  searchRoi.y	  =	  matchLoc.y	  -‐	  (	  target.rows	  )	  /	  2	  -‐	  searchExpansion;	  

	  	  searchRoi.width	  =	  target.cols	  +	  searchExpansion	  *	  2;	  

	  	  searchRoi.height	  =	  target.rows	  +	  searchExpansion	  *	  2;	  

	  

	  	  //	  make	  sure	  ROI	  doesn't	  extend	  outside	  of	  image	  

	  	  if	  (searchRoi.x	  <	  0)	  searchRoi.x	  =	  0;	  

	  	  if	  (searchRoi.y	  <	  0)	  searchRoi.y	  =	  0;	  

	  	  if	  ((searchRoi.x	  +	  searchRoi.width)	  >	  (source.cols	  -‐	  1))	  

	  	  	  	  searchRoi.width	  =	  source.cols	  -‐	  1	  -‐	  searchRoi.x;	  

	  	  if	  ((searchRoi.y	  +	  searchRoi.height)	  >	  (source.rows	  -‐	  1	  ))	  

	  	  	  	  searchRoi.height	  =	  source.rows	  -‐	  1	  -‐	  searchRoi.y;	  

	  	  	  

	  	  //	  search	  the	  large	  images	  

	  	  //	  create	  a	  copy	  of	  the	  source	  in	  order	  to	  adjust	  its	  ROI	  for	  searching	  

	  	  Mat	  searchImage;	  

	  	  source.copyTo(searchImage);	  
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	  	  searchImage	  =	  source(searchRoi);	  

	  

	  	  //	  perform	  the	  search	  on	  the	  large	  images	  

	  	  //	  Create	  the	  result	  matrix	  

	  	  resultCols	  =	  searchRoi.width	  	  -‐	  target.cols	  +	  1;	  

	  	  resultRows	  =	  searchRoi.height	  -‐	  target.rows	  +	  1;	  

	  	  result.create(resultCols,	  resultRows,	  CV_32FC1);	  

	  

	  	  //	  Do	  the	  Matching	  and	  Normalize	  

	  	  matchTemplate(searchImage,	  target,	  result,	  matchMethod);	  

	  

	  	  //	  Localizing	  the	  best	  match	  with	  minMaxLoc	  

	  	  minMaxLoc(result,	  &minVal,	  &maxVal,	  &minLoc,	  &maxLoc,	  Mat());	  

	  	  //	  printf("MinVal	  =	  %f	  	  MaxVal	  =	  %f\n\n",	  minVal,	  maxVal);	  

	  

	  	  //	  For	  SQDIFF	  and	  SQDIFF_NORMED,	  the	  best	  matches	  are	  lower	  values.	  For	  all	  

the	  other	  methods,	  the	  higher	  the	  better	  

	  	  if	  (matchMethod	  	  ==	  CV_TM_SQDIFF	  ||	  matchMethod	  ==	  CV_TM_SQDIFF_NORMED)	  {	  

	  	  	  	  matchLoc	  =	  minLoc;	  

	  	  	  	  matchVal	  =	  (1	  -‐	  minVal)	  *	  100;	  

	  	  }	  else	  {	  

	  	  	  	  matchLoc	  =	  maxLoc;	  

	  	  	  	  matchVal	  =	  maxVal	  *	  100;	  

	  	  }	  

	  	  	  

	  	  //	  transform	  point	  back	  to	  original	  image	  

	  	  matchLoc.x	  +=	  searchRoi.x	  +	  target.cols	  /	  2;	  

	  	  matchLoc.y	  +=	  searchRoi.y	  +	  target.rows	  /	  2;	  

	  

	  	  if	  (matchVal	  >=	  matchConfidence)	  {	  

	  	  	  	  printf("Target	  found	  at	  (%d,	  %d),	  with	  confidence	  =	  %3.3f	  %%.\n",	  

matchLoc.x,	  matchLoc.y,	  matchVal);	  

	  	  	  	  matchPoint	  =	  matchLoc;	  

	  	  	  	  if	  (numMatches	  <	  requiredMatches)	  

	  	  	  	  	  	  numMatches++;	  

	  	  	  	  numMisses	  =	  0;	  
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	  	  	  	  return	  TRUE;	  

	  	  }	  

}	  
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CHAPTER 5 

AUTONOMOUS CONTROL 

Autonomous control is achieved by means of a command line program running 

on the GCS computer. In order to start the program the serial port path (at a minimum) 

needs to be passed to the program as well as the baud rate, target image and source 

device id. For example the program can be run as follows: 

$	  ./searchcopter	  -‐p	  /dev/tty.usbserial-‐A600eGfb	  -‐b	  57600	  -‐t	  ~/target.jpg	  -‐s	  0	  

This would open a serial connection at 57600 baud with the specified USB serial 

device, load the target image and open the default video source. 

There are other user options that can be set at runtime; these are viewable along 

with their default values by printing the help menu with the –h or –? Flags. A copy of 

the program usage can be found in the Appendix. 

A basic flow diagram of the program can be seen in Figure 29 which gives an 

overview of the program function. On launch, the user inputs are parsed and the 

default values of the other options are set. Next an attempt is made to open a serial 

connection with the specified port. If this is unsuccessful the programs exits with a 

failure status otherwise the target image is loaded and video stream is opened. If they 

are loaded successfully the program enters the main loop and the target is searched 

for in the source image. 

If a match is found the location is displayed on the video stream and the 

required action is determined. The response is proportional to the distance to the 

target. The greater the distance, the faster the ArduCopter will move towards it. As it 

approaches the desired location it will slow down and finally stop when within the given 

region. Once the PWM values are calculated a message is packed and sent to the 

ArducCopter. 
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At the end of the loop there is a 1 msec delay to allow for keyboard actions to 

be detected. Currently ‘a’ will arm the motors, ‘d’ will disarm them and ‘spacebar’ will 

hand control back to the RC. The program can be terminated by pressing either ‘esc’ 

or ‘q’. 
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Figure 29. Simplified flow diagram of the control algorithm. 
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CHAPTER 6 

CONCLUSION 

Quadrotors are an excellent platform for developing and testing autonomous 

control and have many applications. The goal of this Thesis was to build a system 

based on the ArduCopter that has the ability to autonomously track objects.  

The contributions of this thesis are as follows: 

• A functioning quadrotor was built based on modifications of existing 

proprietary and open specifications. The parts were obtained from a 

number of vendors and sources and result in a low price design. 

• A medium resolution (640x480) optical camera system was designed and 

successfully attached and interfaced to the quadrotor.  

• A ground control station (GCS) was built that provides for autonomous 

wireless control of the quadrotor without affecting the vehicle’s payload. 

• Wireless video transmission was achieved between the quadrotor and the 

ground station using off the shelf components. 

• Simple proportional control was implemented in the quadrotor’s 

command module. 

• Manual wireless control implementing two modes was also added to 

override the autonomous function in cases of emergency. 

• The open source OpenCV computer vision software framework was used 

and modified to accomplish all video-related tasks, including pattern 

recognition. 

• A library of serial communications function was developed for this project 

to allow the control of the quadrotor from the ground station. 

• An existing algorithm (FastMatchTemplate) presented in the literature was 

modified to operate satisfactorily on the limited hardware of the ground 

station. A speedup factor of over 10 was achieved. 
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• A complete command line program running on the ground station control 

computer was written to provide the autonomous control of the vehicle. 

• A target recognition algorithm was implemented in OpenCV and was 

used on the ground station to successfully allow the quadrotor to follow a 

predetermined target. 

• The functionality of the system was demonstrated in field trials.  

 

This thesis provides a base for further research to be performed and new 

applications can be tested. Future improvements could include the detection of 

multiple objects, cars, animals, people, etc. OpenCV allows to track mouse events so it 

would be possible to drag a rectangle around your desired target in the source window 

and use that as you template image. This would make the program much more flexible 

as an initial image of the object that is the correct size would not be required. The 

ArduCopter could be programmed to land on target allowing for it to land on a moving 

vehicle (Wenzel, Masselli and Zell 2011). At the moment the control algorithm only uses 

proportional gain to determine the speed of ArduCopter, adding PID Control will allow 

for faster response to the target position as well as control of the amount of 

overshooting. 
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APPENDIX A 

COMMAND LINE PROGRAM USAGE 
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$	  ./searchcopter	  -‐h	  

	  

Usage:	  ./mavlink_serial	  -‐p	  <serialport>	  -‐b	  <baudrate>	  -‐t	  <target>	  -‐s	  <source>	  

[OPT]	  

Options:	  

	  	  -‐h,	  -‐-‐help	  	  	  	  	  	  	  	  	  	  	  	  	  	  Print	  this	  help	  message	  

	  	  -‐p,	  -‐-‐port=serialport	  	  	  Serial	  port	  connected	  to	  Xbee	  

	  	  -‐b,	  -‐-‐baud=baudrate	  	  	  	  	  Baudrate	  of	  Xbee	  (default	  56700	  bps)	  

	  	  -‐t,	  -‐-‐target=path	  	  	  	  	  	  	  Path	  to	  the	  target	  image	  (default	  ./target.jpg)	  

	  	  -‐s,	  -‐-‐source=number	  	  	  	  	  Camera	  (default	  -‐1,	  auto	  select)	  

	  	  -‐m,	  -‐-‐method=method	  	  	  	  	  Available	  matching	  methods	  (default	  5)	  

	  	  -‐c,	  -‐-‐confidence=value	  	  Required	  confidence	  for	  target	  match	  (default	  30)	  

	  	  -‐e,	  -‐-‐expansion=pixels	  	  Value	  to	  expand	  search	  region	  (default	  15	  px)	  

	  	  -‐d,	  -‐-‐downpyrs=number	  	  	  Number	  of	  times	  to	  downpyr	  the	  image	  (default	  2)	  

	  	  -‐n,	  -‐-‐nummatches=number	  Required	  number	  of	  matches	  (default	  10)	  

	  	  -‐w,	  -‐-‐wavepoints=file	  	  	  Path	  to	  the	  wavepoint	  file	  (default	  

./wavepoints.txt)	  

Matching	  Methods:	  

	  	  	  0	  :	  CV_TM_SQDIFF	  

	  	  	  1	  :	  CV_TM_SQDIFF_NORMED	  

	  	  	  2	  :	  CV_TM_CCORR	  

	  	  	  3	  :	  CV_TM_CCORR_NORMED	  

	  	  	  4	  :	  CV_TM_CCOEFF	  

	  	  	  5	  :	  CV_TM_CCOEFF_NORMED	  

Source	  Camera:	  

	  	  -‐1	  :	  Auto	  Select	  

	  	  	  0	  :	  Default	  camera	  (iSight)	  

	  	  	  1	  :	  USB	  camera	  

	  300	  :	  FireWire	  camera	  

Keyboard	  Actions:	  

	  	  spacebar	  :	  release	  control	  to	  RC	  

	  	  	  q	  /	  esc	  :	  exit	  

	  	  	  	  	  	  	  	  	  a	  :	  arm	  motors	  
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