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1.0 Executive Summary 
 
Lockheed Martin gave us the opportunity to create a drone that will 
autonomously search for other “enemy” drones, and intentionally collide with 
them in a game-like environment to score points.   Drones are slowly increasing 
in popularity in this age, both from a user and a commercial standpoint.  Military 
drones would allow us to take out existing drone threats before they become a 
problem.  

 
Our goal was to create a drone to intentionally collide with other drones and 
determine which objects are drones and which objects are obstacles, the idea is 
that we can zero down on threats to reduce flying bombs, stolen data, hidden 
surveillance, and any other unauthorized activities.  Eventually, drones like this 
one could also be used to search areas that are uninhabitable or dangerous to 
humans; whether from natural disaster or enemy warfare.  These quadcopters 
were used for the specific purpose of detecting other drones, scanning the area, 
and pursuing enemy quadcopters.  The process of learning how object detection 
algorithms work along with image processing algorithms has given us an 
understanding for how to apply software to real-world scenarios. 

 
Currently, the primarily disadvantage within the existing drone market includes 
both the lack of a cheap and quality commercial-off-the-shelf (COTS) product, 
and also the lack of effective object tracking software within drone use.  Most 
consumer-based drones are not flexible enough to change the design, while also 
supporting autonomous modes or built in hardware like FPV cameras. 
 
To remedy this, we decided to purchase a quadcopter kit that can be easily 
modified and changed as needed, for testing purposes.  In parallel with our 
prototype, the mechanical team completed the physical tradeoffs between 
stability versus manipulation.  Once their findings were complete, we were then 
able to take the smaller subsystem from the testing drone and transfer it to the 
real drone.  From there, we integrated each team’s subsystem into one master 
system and performed the software tests accordingly.  Transferring our control 
system from a smaller quadcopter to a larger one required quite a few software 
updates, and it was one of the greatest challenges we had to overcome as a 
team. 
 
Our quadcopter system emphasized durability and maneuverability, rather than 
focusing on maximizing the power required to force other drones onto the 
ground.  In order to reduce risks of damaged circuitry, our flight strategy is based 
on lightly tapping opposing enemy drones, rather than maximizing impact or 
trying to damage them.  Enemy drones that fall to the ground are worth more 
points within the competition, but tapping enemy drones allows us to quickly 
pursue multiple enemy drones within one round without worrying about whether 
our drone can withstand the damage. 
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Our drone must not only include a sturdy drone that can fly for at least 10 
minutes to detect other drones, but must also recover from multiple collisions 
with a protective cage surrounding it.  Other basic requirements include using 
some type of image processing software to relay feedback through a First Person 
Video (FPV) camera.  Finally, our quadcopter must be capable of returning to 
base if a problem occurs, as well as meeting the specific game requirements, as 
outlined in Table 2.  Each of these functions will allow us to build a cohesive 
search-and-destroy drone tracker with a live streaming video, and an object 
detection software interface. The block diagram for drone operation is shown in 
Figure 2. 

 
Thanks to modern technologies, we did not need to reinvent the wheel.  To 
facilitate efficient software and hardware development, we purchased a pre-
established quadcopter kit - basing our drone design on existing drone 
structures.   Our drone synchronizes motors using a connected flight controller, 
notably Pixhawk.  This allowed us to call basic motor commands to 
autonomously fly the quadcopter, or return flight signals to a remote control, if 
needed.  We also purchased an FPV Wifi Camera that allowed us to collect 
streaming video data for the judges to view while our drone is in action; as shown 
in Figure 3, along with sensor coordination for optimal detection of enemy 
drones, and to determine when a collision has occurred. 
 
2.0 Project Description 
 
As a team, we created a robocopter that tracks down “prey” robocopters and 
intentionally collides with them potentially knocking them down.  Lockheed Martin 
created this competition where our team and two other teams will compete to 
earn the most amount of points.  Our drone was required to navigate through a 
complex obstacle course including other deceptively fake drones.  Our robot had 
to differentiate between the real robot quadcopters and the fake ones in order to 
score points.  Thanks to pre-programmed autonomous object recognition 
software algorithms, and control system flight software, our goal was for the 
robocopter to navigate through our customized autonomous mode. 

 
The Lockheed Martin Robocopters Fall ’17 – Spring ’18 Senior Design project 
challenges students to design and build an autonomous UAV (Unmanned Aerial 
Vehicle) with the purpose of detecting, tracking, and targeting other UAVs.  Each 
Senior Design group which participates in this project consists of approximately 
10 to 15 UCF engineering and computer science students.  Each team received 
mentorship and guidance from an interdisciplinary group of Lockheed Martin 
employees, and one Systems Engineer mentor.  Each team competed in an 
obstacle course at the end of the Spring semester to determine which project 
contains the most successful implementation of Lockheed Martin’s specifications 
for this project. 
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The Computer and Electrical Engineering portion of the interdisciplinary team 
was responsible for designing and implementing a navigation and collision 
system to track and target the enemy UAVs. This group was also responsible for 
providing FPV (First Person Video) live on a monitor with data overlays like 
altitude sensors, to display a more detailed view of the team’s tracking and 
targeting system.  We also created a printed circuit board power system, to 
provide power to each component.  Everything that connects hardware with 
software, we were in charge of. 
 
Given that our project is sponsored, we requested funding for this project from 
UCF directly, to order and test different hardware parts.  We researched the 
tradeoffs between different quadcopters versus creating one from scratch, and 
decided that in the interest of time, and the extensive amount of programming 
involved within this project, it would make the most sense to order a quadcopter 
kit, or base our drone design on existing drones. Our drone was relatively small 
and lightweight, so our power and weight requirements are restricted as far as 
external cameras for the FPV and image sensors for tracking and targeting.  
However, we needed to be fully prepared to transfer everything to a larger drone 
should the Mechanical and Aerospace teams require it.   
 
Data from an FPV camera was run through a computer vision software created 
by the computer scientist group to differentiate targets from one another. 
Software must then be developed to process and give commands through a 
microcontroller giving direction to the UAV autonomously. Because it is our 
responsibility to include a printed circuit board for this project, we will build a 
power converting circuit to output the correct voltages for each subsystem on the 
drone.  
 
The mechanical engineers will create a cage to support the UAV if a collision 
should occur since collisions may be a requirement for tracking and targeting 
prey. Our section of the team along with the computer scientists are essentially 
building a control system that autonomously adapts to its environment and reacts 
to certain encounters and instances, and changes our flight path accordingly. 
          
This section of the interdisciplinary team hopes to achieve a greater 
understanding of the variety of technologies while synthesizing them with the 
tools we’ve learned thus far in our undergraduate studies.  This project provides 
a huge opportunity to build a relationship with employers like Lockheed Martin 
while acquiring new skills and tools to enhance our resumes.  
 
Our personal goals include emulating what it would be like to work on a 
professional project and understanding our strengths and weaknesses; not only 
as individual engineers; but also peers working together in a real engineering 
team.  Eventually, in our engineering careers, we will also likely become mentors 
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for similar senior design teams, to help other people as much as our mentors 
have helped us. 
 
2.1 Goals & Objectives 
 
In order to ensure that our quadcopter would not only succeed in meeting all of 
the requirements but also perform well in the competition, we have outlined 
several goals and objectives for our system. 
 

- The system is maneuverable and durable, able to withstand many collisions. 
 
- The system is capable of continuous flight for at least 10 minutes. 
 
- The system must accurately ascertain which objects are opposing drones and 

which objects are obstacles. 
 
- The system should be capable of returning to its starting point within the 

playing field. 
 
- The system must have a live stream, wifi-based, camera mode where video 

from the drone can be viewed wirelessly. 
 
- The system will coordinate a variety of sensors to determine when a collision 

has occurred. 
 
- The system must recover quickly from head-on collisions with enemy drones 

or other obstacles. 
 
- The system must use an autonomous flight path as a default to search the 

field when no enemies are detected. 
 
- The system should navigate among obstacles with minimal collisions. 
 
- One optional objective is implement a low power mode where the battery 

begins to drain and specific drone functions are restricted in order to maintain 
flight. 

 
- Another extra would be to implement some protective internal foam to prevent 

the circuitry from getting damaged due to collision detection. 
 

- The system will change flight when collision occurs in order to minimize 
damage. 

 
- The system will have three main software modes: detect, search, and pursue. 
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- The system must be able to follow changes in motion of an enemy drone. 
 

- The system will contain a printed circuit board to facilitate DC Voltage 
conversions. 

 
2.2 Motivation 
 
The motivation for this project primarily centers around the concept that we could 
create a drone that could save people's lives by eliminating serious threats and 
finding enemy drones before they find us.  Throughout this project, we have 
learned how to stay organized within a team, since it has been a challenge 
working within an interdisciplinary project.    
 
Our computer engineering team has integrated with several other teams 
including mechanical engineering, aerospace engineering, and computer 
science.  These real world challenges and team struggles are a representation of 
what we will face after we graduate from University of Central Florida, and 
beyond.   
 
Our goals include growing as engineers and learning the basics of embedded 
software design, so we can apply these concepts to critical systems in the real 
world.  Through the process of collaborating with other engineering teams, we 
have learned how to effectively communicate and outline our goals within a 
project, along with combining multiple ideas to come up with a successful 
integrated system. 
 
2.3 Potential Designs 
  
For the majority of this project, we successfully collaborated with the mechanical 
and aerospace teams to determine what requirements our physical design must 
meet, along with the various tradeoffs of each part.  Throughout the semester, 
we continued to explore new and original designs, including custom drone ideas.   
 
Hopefully, we can order a quadcopter kit with interchangeable parts so we can 
improve the hardware at any point in time, without worrying too much about 
compatibility.  Pixhawk, the flight controller we used, helped us achieve this goal 
because it comes with built-in flight control system software that would 
theoretically work with any hardware we decide to use.  This discovery was a 
significant boon to our project, and certainly allowed our teams to collaborate 
more effectively. 

 
In order to facilitate testing, we have placed hardware orders through the 
mechanical team and are awaiting these orders to begin testing.  Once we 
receive our drone kit, we can begin to connect the systems and subsystems.  
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This test drone is also a decent backup plan; should anything go wrong within the 
Mechanical and Aerospace teams.  As long as the motors of our quadcopter are 
powerful enough to support the weight of each component, we should have no 
problem with connecting the embedded systems together and flying our 
quadcopter autonomously.  

 
Ideally, we plan to test each hardware part before next semester to confirm that 
the flight controller is compatible with the Pixy Camera, and to ensure that we 
have extra time to order printed circuit boards.  Unfortunately, since most of 
these parts come from China, it is in our best interest to order hardware as early 
as possible - in preparation for the upcoming semester. 
 
 2.3.1 Project Limitations 
 
Throughout our senior design project, there have been many challenges and new 
limitations that we have discovered. These limitations primarily stem from the 
rules of the competition, however there were also several physical limitations.  
Below is a comprehensive list of all currently known project limitations, along with 
other requirements.  Within the second half of senior design 2, we continued to 
update these project limitations in order to build solutions around them. Table 1 
below shows the list of project limitations. 
 

Table 1: List of Project Limitations 

1.0 The hardware design must be substantially different than the starter kit. 

1.1 The robot must be capable of controlled collisions. 

1.2 The robot must gather data and transmit First Person Video through a 
camera. 

1.3 The robot must be capable of using Object tracking software. 

1.4 The robot must be capable of flight. 

1.5 The system must follow all applicable safety regulations. 

1.6 The robot power source must be as light as possible to allow for 
effective flight. 

1.7 The robot must have camera feedback capabilities. 

1.8 The system must have the ability to  be entirely autonomous. 

1.9 The system must be able to navigate through outdoor obstacle courses. 
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2.0 The robot must use a protective case of some sort to prevent electrical 
damages upon collision. 

2.1 The robot must be capable of differentiating between real robots and 
lookalikes. 

2.2 The robot must be capable of returning to its starting point. 

2.3 The robot must be capable of searching for UAV prey. 

2.4 If no UAV prey are found, the robot must have a predetermined motion 
path. 

2.5 The robot must be capable of continuous flight for at least 10 minutes. 

2.6 The quadcopter should intentionally collide with the prey drone once 
every ten seconds to maximize points. 

2.7 The quadcopter must not fire projectiles or any other part that 
disconnects from the main system. 

 
 
2.4 Requirements Specifications 
 
Numerically speaking, we have listed specifications shown in Table 2 below to 
create a measurable standard for success by the end of next semester, with 
specific goals to meet within our quadcopter subsystem.  These specifications 
include specific electronics values, along with quantitative measurements within 
the context of the competition. 
 
Table 2:  Requirements for Hardware 
1.0 The quadcopter must not fly beyond the 30ft x 30ft x 30ft field. 

1.1 The quadcopter must support at least at least 2 pounds of electronics. 

1.2 The quadcopter must fly at least 10 miles per hour. 

1.3 The quadcopter must fit within a 4 ft x 4 ft x 4ft box, including the 
dimensions of the cage. 

1.4 The quadcopter must include a processor that is at least 400 MHz and 
quad-core, in order to effectively use the object detection algorithms. 

1.5 The power supply must support voltages in the range of 11 volts to 14 
volts. 
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1.6 The printed circuit board must be capable of delivering 3 to 5 Volts. 
 
 

2.5 Marketing and Engineering Requirements 
 
The majority of our engineering requirements stem from the nature of the 
competition, the playing field, and the as-stated requirements by Lockheed 
Martin.   As far as marketing requirements, our product was primarily used for 
government applications, including military usage, to protect people and their 
data.  As a result, we are not marketing our product towards the standard 
consumer.  
 
In fact, there is almost no marketing involved in any aspect of our project, due to 
its nature.  However, our primary customer is any company that requires object 
detection algorithms, in conjunction with companies that specialize in drone 
creation and flight controllers.  As a result, we must ensure that our project meets 
standard requirements, from an engineering standpoint and a marketing 
standpoint.   
 
The House of Quality gave our team the opportunity to begin with the end in 
mind. Through visualizing from a chart which specific objectives we need to 
meet, it was easier to stay on track.  Although at the beginning stages of this 
project, many of the values in the house of quality are not necessarily consistent 
with the ideal values for our competition.  However, as more details are revealed, 
we can make changes.  This basic layout allows us to focus on what needs to be 
done, without getting lost in the details.  This figure also allows our customer, 
Lockheed Martin, to visualize our goals.  
 
Engineering requirements were directly derived from Table 2 first to meet all 
functional requirements.  Once the basic requirements are met, we might add on 
extra sensors to improve collision detection or improve flight stability.  Potentially, 
we also might be able to add some extras into our project, including protective 
foam gear to recover quickly from collisions.   
 
 
 
 

House of Quality 
 
Throughout the entire design process of this project, it must be ensured that the 
final product accurately reflects the design specifications of the client.  This 
includes not only specific quantitative requirements, but also more qualitative, 
descriptive requirements as well.  This is the intersection of customer 
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requirements and engineering specifications - where descriptive, qualitative 
requirements are correlated to measurable engineering requirements. 
 
The figure below depicts the “house of quality”, a visual representation of the 
customer specifications related to quantitative, measurable engineering 
requirements.  How strongly these requirements correlate to one another is 
reflected in the middle of the house of quality by the arrows within the squares.  
Strong correlations are represented by two arrows.  Weak correlations are 
represented by one arrow.  If there is no correlation , then the box will be empty.  
If tends to be that a customer specification requirement has a positive correlation 
to an engineering requirement, then the arrow(s) will be pointing up.  If the 
customer specification requirement instead has a negative correlation to an 
engineering requirement, then the arrow(s) will be pointing down.  The roof of the 
house of quality relates engineering specifications to one another.  Simply follow 
two specifications diagonally upward along the roof to the point where the two 
diagonal paths intersect.  The intersection represents any correlation between 
the two requirements. 
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Figure 1:  House of Quality 
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Figure 2:  Block Diagram of Drone Operation 
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Figure 3:  Hardware Block Diagram Depicting Power Distribution 
 
 

3.0 Existing Research 
 

In this aspect of the report, we will discuss the various tradeoffs for every 
hardware component that we used in this project.    
 
3.1 Current Products 
 
Designing the autonomous drone required utilizing various pre-made 
components, in order to complete the project in a timely and cost-efficient 
manner.  For each component, we discovered multiple products on the market, 
each with their own set of benefits and drawbacks.  The budget of this project is 
approximately $2,000.  We found this amount to be more than adequate for 
developing and purchasing the components needed to create this project. 
 
This section briefly summarizes the findings of our research into the comparison 
of the components readily available on the market.  To ensure that these 
components would be delivered quickly, we have chosen to only consider 
components which are available for purchase through sellers based within the 
United States 
 
 
 

3.1.1.  Microcontroller Tradeoffs 
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MSP-430: Highly energy efficient, but far too little system resources to run the 
processor intensive computer vision object detection algorithms.  Even though it 
costs only $10, the MSP-430 is not a viable option for this project. 
 
Arduino: Provides more processing power than the MSP-430 microcontroller 
by Texas Instruments (TI).  However, the Arduino is still lacks the system 
resources required to do even basic object detection algorithms.  The primary 
appeal of the Arduino is that many components and sensors currently exist which 
are compatible with the Arduino microcontroller. Therefore, the Arduino may be 
useful for interfacing all of the sensors and flight controls of the drone, but the 
Arduino is inadequate for running the computer vision software, let alone 
autonomous flight program. 
 
BeagleBone, Rev. C: Demonstrating a significant improvement in 
processing power of the MSP-430 and the Arduino, the 32-bit ARM Cortex A8 
single-core processor (AM3358) runs at speeds up to 1 GHz.  Volatile memory is 
provided on-board via 512 MB of DDR3L.  While initially promising, the 
BeagleBone ultimately lacks the minimum system resources required to smoothly 
run the computer vision detection software alongside the autonomous flight 
program.  The lack of multiple cores and the unremarkable 32-bit word size make 
the BeagleBone an unwise choice for this project. 
 
Raspberry Pi 3 Model B: Powered by a 64-bit quad-core ARM Cortex A53 
processor running at a default speed of 1.2 GHz, the Raspberry Pi 3 Model B 
provides significantly more processing power than the other platforms examined 
throughout this project.  The 1 GB of DDR2 on-board memory would provide 
adequate volatile storage for continuously loading and analyzing frames from the 
live video stream.  For many more reasons detailed thoroughly later in this 
document, the Raspberry Pi 3 Model B is the chosen platform for this project. 
 
 
3.2 FPV Camera with OSD Display 
 
FPV On Screen Display (OSD) Tradeoffs 
On Screen Display (OSD) 
          
The constraint of having a superimposed overlay included on the FPV output 
requires a form of on screen display (OSD) hardware. What is an OSD capable 
of? An OSD can display data such as flight time, battery power, as well as GPS 
coordinates and altitude to name a few. It is also possible to set up alarm 
systems to warn the user if the drone is going too far, too high or draining too 
much battery power. Having OSD hardware on a drone can be a huge benefit to 
the user in terms of their ability to make decisions regarding the drones current 
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and future actions, along with providing the required information wirelessly to 
each of the judges. 
 
On Screen Display Options 
 
This constraint leaves us with a few options. The OSD circuit can be integrated 
within the drone flight controller, on a power distribution board, or with the FPV 
camera itself. Alternatively, the last option is to have an external OSD chip and 
wire it to our flight controller, FPV camera, power distribution printed circuit 
board, video transmitter(VTX), as well as the receiver for manual control 
commands. External OSD chips can come in different variety. They can be either 
dependent, independent or have switching capabilities.  For example, an OSD 
chip that is dependent on the flight controller may have the advantage of aiding 
with sensor and GPS data that wouldn’t be shared with the flight controller 
otherwise. [2] 

 
Our research has found an option that balances power consumption, 
affordability, size, features, and most importantly compatibility with our flight 
controller and other components.  The proceeding sections discuss these 
different options and their tradeoffs, in order to illustrate the various options and 
development phases within our FPV camera. 
 
MinimOSD v1.1 
          
The MinimOSD is an external chip that is quite powerful in that it can display a 
vast amount of information on your overlay and is very customizable.  The 
software available with this chip will even let you adjust the drones PID control 
loop, making flight adjustments potentially more easily accessible.  
 
However, a tradeoff of these features is that they are more difficult to set up 
whereas some OSD chips you can plug in and you’re done. Another feature 
included in this chip is a step down +5v 500mA regulator so you can safely and 
easily connect a standard +12v or less battery directly. For our project, we 
created our own voltage regulator, but it was extremely helpful to have more than 
one - especially when our power module fried last minute.  

 
The MinimOSD is compatible with Ardupilot Mega(APM) flight controllers, and 
uses MAVlink protocol which is a communications protocol often used in autopilot 
systems and long-range transmitters. The MinimOSD and most other OSD chips 
are Arduino based composed of a MAX7456 monochrome OSD, and a 
ATmega328P 8-bit microcontroller and is programmable through a 6-pin cable. 

 
The MAX7456 is a monochrome single channel generator which ultimately 
lowers the cost of the OSD chip because it reduces the need for a video driver, 
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image synchronization (sync separator) as well as other subsystems that may 
have otherwise needed to be incorporated on the drone. [3] 

 
The ATmega328P 8-bit microcontroller is a low power advanced virtual RISC 
(AVR) based architecture. The reduced instruction set of this architecture means 
instructions can be performed in only 1 clock cycle emphasizing lower power 
consumption for the tradeoff of lower processing speed. Luckily this type of 
instruction set is beneficial to a OSD chips because not much processing power 
is needed so we can focus on reducing power consumption and reducing 
physical size. This microcontroller also features an Arduino bootloader which is 
useful for updated firmware if necessary. [4] 
 
Dimensions              L: 43mm (58mm with pins) W: 18mm H: 8mm 
Weight:                    9g 
Working Voltage:     5v – 12v 
Cost:                        ~$12.30 without shipping 
[5] 
 
Micro MinimOSD v1.1 
 
The Micro MinimOSD v1.1 is the same chip as the MinimOSD but with a smaller 
physical size and weight but does not include the +12v max to +5v 500mA step 
down converter. Having no step-down converter will reduce the amount of heat 
on the circuit but may require a more difficult power distribution from the rest of 
the overall system. For only a slightly increased cost from the standard size chip 
the form factor is greatly improved. Both Micro and standard versions of this chip 
are also on the market modded making soldering to other components much 
easier. 
 
Dimensions              L: 15mm W: 15mm 
Weight:                    1.2g 
Working voltage:     5v – 12v 
Cost:                        ~$7.00 - 14.00 without shipping 
[6] 
 
Skylark Tiny OSD III Board 
 
The Skylark Tiny OSD Board is a standalone system that does not require 
connection to the flight controller if that becomes a constraint. It allows a large 
amount of overlay data including sensor data from GPS, current draw, 
barometer, ground speed, point of departure, flying time, and battery voltage to 
name a few. Not only does this system have a lot of features and included 
sensors but it is also plug and play so it is easy to setup and use.  There is also a 
version that does not include the sensors at a significant price reduction. 
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Dimensions 
OSD board:               L: 41mm W: 24mm H: 11mm 
GPS Module:            L: 35mm W: 27mm H: 9mm 
Current Sensor:        L: 58mm W: 25mm H: 9mm 
Weight:                     22.5g standalone OSD, 41g combined 
Working Voltage 
OSD board:               7.4v – 12v 
GPS Module             5v 
Cost:                         ~$79.00 with sensors, ~$48.00 without sensors (both 
without shipping) [7] 
 
Betaflight OSD 
          
The Betaflight OSD is an integrated chip that sits inside certain flight controllers.  
This chip features numerous overlays as well as software to adjust the drones 
PID. This chip is integrated cheaply in many flight controllers and would not 
require any soldering. The FPV camera and VTX are connected to the flight 
controller directly in this scenario.  The Betaflight GUI software makes using this 
OSD very easy to use. [8] 
 
Hobbyking E-OSD 
 
The Hobbyking E-OSD is a very basic standalone OSD option that is very easy 
to install.  The display options include only a timer and voltage levels so this may 
be an option if other subsystems have features and sensors an OSD might 
normally have. 
 
Dimensions:             L: 34mm W: 17mm H: 4mm 
Weight:                    3.3g 
Working Voltage:     7.2v-12v 
Cost:                        ~$15.00 without shipping 
[9] 
  
RedRotor RROSD Mini PDB 
          
The RedRotor RROSD Mini PDB is a combined OSD and power distribution 
board with lots of features and is easy to use.  Like the Hobbyking E-OSD this is 
very easy to setup and install. However, this has more features and the obvious 
included power distribution board with voltage regulators. This board also comes 
with mounting holes to potentially place on top or below another subsystem like 
the flight controller to maximize useable space on the drone frame. 
 
Dimensions:             L: 36mm W: 36mm 
Weight:                    N/A 
Working Voltage:     12v 
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Cost:                        ~$20.00-$30.00 without shipping 
[10] 
  
Matek HUBOSD Eco X-Type W/XT60 
          
The Matek HUBOSD is a high performance reliable external OSD chip. Along 
with many of the standard overlay features, it includes a current sensor as well 
as a battery eliminator circuit(BEC) 5V/2A and 12V/500mA regulators eliminating 
the need for multiple batteries.  This is another plug and play option requiring 
very little set up other than possible firmware updates (common on many OSD 
chips.) This is another option with mounting holes to increase useable space on 
the drone frame. 
 
Dimensions:             L: 51mm W: 36mm H: 4mm 
Weight:                    4g 
Working Voltage:     8v-21v 
Cost:                         ~$19.00 without shipping 
[11] 
 
OSD Comparison / Conclusion 
This section will compare the specifications of each researched OSD option. 
Below is Table 3 showing our options side by side with the final decision 
highlighted. 
 

Table 3: OSD Comparison 
Specs Minim 

OSD 
v1.1 

Micro 
Minim 
OSD 
v1.1 

Skylar
k Tiny 
OSD 

III 
Board 

Betaflig
ht OSD 

Hobbykin
g E-OSD 

  

RedRot
or 

RROSD 
Mini 
PDB 

Matek 
HUBOS

D 

Dimensio
ns 

58 x 
18 x 
8mm 

15 x 
15mm 

41 x 
24 x 

11mm 

N/A 34 x 17 x 
4mm 

36 x 
36mm 

51 x 36 
x 4mm 

Weight 9g 1.2g 22.5g N/A 3.3g N/A 4g 

Input 
Voltage 

5v – 
12v 

5v – 
12v 

7.4v – 
12v 

N/A 7.2v – 
12v 

12v 8v – 21v 

Cost ~$12 ~$7- 
$14 

~$48 N/A ~$15 ~$25 ~$19 
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After Considering the parameters we wanted to meet for this subsystem we 
choose the Minim OSD V1.1. Although this OSD chip is not the lightest of our 
options it is on the cheaper end with a good feature set and was found in a 
bundle containing other subsystem parts we needed online. This chip is also 
advertised as being compatible and easy to use with our flight controller choices 
(which is why they are bundled together) and has the added feature of PID 
tuning. 
 
The team at Lockheed has also recently made it clear that the display information 
overlaid on our monitor should have no more than two data items being shown 
as to not bog up the screen space. This makes simply choosing a cheaper 
simpler OSD a more realistic choice then investing in a fancy feature rich OSD 
that would burn a hole in our pocket. The next step is to integrate this OSD 
option with our FPV camera and have the video feed sent to a ground station to 
be shown. 
 
Video Transmitter (VTX), Video Receiver (VRX), and Antenna 
 
The constraint of having a FPV camera with overlays required us to display the 
video on a monitor. This won’t be possible without some way to transmit the 
video to a receiver on the ground. A video transmitter (VTX) with a video receiver 
(VRX) is often a popular choice on drone projects because they are generally 
small and inexpensive. The transmitter needed to be connected to an antenna to 
convert our electrical power to emf waves to be sent out to the receiver. This 
would have to be implemented if a WIFI signal is impossible or too difficult to 
implement. Having this type of video communication system is easy to use and 
will have less interference with other signals. [12], [13] 
 
In the event that we use a WIFI signal to distribute out the FPV feed we may 
have to choose a WIFI adapter instead of a VTX, RTX combo. Since the only 
concern is keeping costs down, reliability, and getting good consumer reviews, 
options will be simple to choose from. 
 
Another option called WIFIBroadcast could potentially eliminate the need for a 
router but would implement two raspberry pi’s as the transmitter and receiver 
utilizing the WIFI card in the processors. 
 
Transmission Options 
 
There are a number of factors we will consider that differentiate one product from 
another. The output power and size of the antenna will relate to the distance the 
drone can transmit to. Since we want to decrease overall power consumption 
and because our drone will not be going more than forty or fifty feet we can use a 
low power transmitter. If we need to increase the range our drone needs to 
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transmit video from we can also increase the antenna gain while keeping power 
low. 
 
The quality of the antenna and sensitivity of the receiver will have a direct effect 
on the image quality we’re going to see on our monitor. Things like antenna gain, 
radiation pattern, frequency bandwidth, and tuned frequency will all be factors in 
the signal quality. If the signal we transmit is of a high frequency we can 
proportionally decrease the size of the antenna which is going to benefit our 
overall design. The antenna should be an omni-directional antenna so we can 
transmit the signal at any altitude and from any direction. 
 
 
Router 
 
A router must be used to transmit the WIFI signals back and forth between the 
FPV camera and ground monitoring station. The competition is scheduled to be 
held outside at UCF so WIFI signals were weak and unreliable. Having our own 
router means we can ensure a strong secure signal enabling us and judges to 
see what the drone sees and the data displayed on the OSD as well as targeting 
boxes.  The following section will go in depth about the specifications of a few 
routers we could use if we intend to use a WIFI transmission. 
 
WIFIBroadcast Research 
  
WIFIBroadcast is an idea designed for FPV drone users that transmits Analog-
like transmissions that you would normally see from a VTX, VRX combo but 
without the modules themselves.  The potential benefits of using this system are 
that the image quality of our camera is better than the analog transmission while 
having improved connection over a standard WIFI signal that we would get with a 
normal router setup. 
  
Associativity is one reason normal WIFI may cause a loss connection with our 
video feed at important times in the competition. Associativity based routing is 
when both signals have to communicate back and forth equally and if one 
connection is a bit too weak the transmission stops all together. With 
WIFIBroadcast the transmitters on each side send data no matter what 
independent of any associated receiver. The telecommunication technique used 
is called forward error correction which controls errors over communications 
channels by encoding a message redundantly. Redundancy then allows the 
recipient of the signal to correct any errors that may have been created along the 
way due to noise or in transmission error. Another benefit of using 
WIFIBroadcast is that it has minimal latency compared to standard WIFI because 
packets are not serialized to a byte stream meaning information is encoded and 
sent immediately. 
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The next step is to determine if WIFIBroadcast is a viable option. To set up 
WIFIBroadcast two Raspberry Pi’s would be needed and potentially two separate 
WIFI cards to set up the radio signal. The Raspberry Pi has a WIFI card in in but 
the software used for WIFIBroadcast is a bit strict on compatibility as far as WIFI 
cards are concerned. If this is as cheap and easy to implement than simply 
buying a router and configuring our communications system that way then this 
method will be useful given the advantages discussed. [14]  Ultimately, we 
decided not to use this option, in favor of a more direct connection through the 
TX1 network. 
 
 
VTX Research 
 
Matek VTX HV 
          
The Matek VTX HV has an array of features for a reasonable price. The chip 
supports tramp telemetry; tramp telemetry is a protocol that makes channel 
changing and power levels easier. It will allow us to adjust the drones PID 
through a compatible OSD chip.  The form factor is stackable to reduce our 
footprint on the drone frame.  
 
There is also a 5V/1A BEC output for a different subsystem like the FPV camera 
or flight controller which will help clean up the amount of wires we have to deal 
with. The firmware is programmable in case there is an update after we 
purchase. The package includes a 10 cm 5.8Ghz whip antenna with an IPEX to 
female connector. 
 
Dimensions:                        L: 36mm W:22mm H: 6.5mm 
Weight:                                6g without SMA cable 
Input Voltage:                      7v-27v 
Output Power:                     25mW, 200mW, 500mW 
Power Consumption:          3.1W Max at 500mW 
Video input Impedance:      75ohm 
Antenna:                             5.8Ghz whip 10cm 
Video Format:                     NTSC/PAL* 
Cost:                                   ~$30.00 without shipping 
Channels:                            40 
[15] 
 
*Phase Alternating Line (PAL) / National Television System Committee (NTSC): 
Analog television color encoding system. PAL offers a resolution of 720 x 576 at 
25 frames per second (fps) while NTSC maintains 720 x 480 at 30 fps. [16] 
 
TBS Unify Pro 
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The TBS Unify Pro is a user friendly VTX that offers a feature called SmartAudio 
V2 which allows connections to the flight controller as well as changing settings 
with the OSD.  This is a very light very powerful transmitter that includes a super 
low power mode for testing and troubleshooting purposes called PitMode.  
 
There are three price points to choose from with this option. If we find that we 
need more output power for a bit longer range then we can spend ten dollars 
more. For another ten dollars after that we can increase the amount of input 
voltage allowed on the device. A downside of this package is that it does not 
come with an antenna. 
 
Dimensions:                       L:24mm W: 17mm H: 4mm 
Weight:                                 5g without antenna 
Input voltage: 
Race                                     up to 25.2V 
V2                                         5v strictly 
HV                                        up to 25.2V 
Output power: 
Race                                     25mW-200mW 
V2                                         25mW-800mW 
HV                                        25mW-800mW 
Power Consumption:           25mW/250mA, 

200mW/320mA,  
500mW/460mA,  
800mW/600mA 
 

Video input impedance:       75 ohm 
Antenna:                              N/A 
Video Format:                      NTSC/PAL 
Cost:                                      
Race                                     ~$30.00 without shipping 
V2                                         ~$40.00 without shipping 
HV                                        ~$50.00 without shipping 
Channels:                             40 
[17] 
 
Tramp HV VTX 
          
The Tramp HV is an even lighter and more compact option claiming to be the 
smallest on the market.  This is a higher end device with multiple safety features 
including protection against voltage spikes and a heat sink and monitors for 
thermal protection. The Tramp HV includes PitMode as well as a feature similar 
to that of smart audio. This option does not come with an antenna so more 
research will have to be done on optimizing antenna choices. The slightly extra 
cost gives us a more reliable product that is also smaller. 
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Dimensions:                        L:32mm W: 14mm H: 5mm 
Weight:                                4g 
Input Voltage:                      2s-4s HV LIP 
Output Power:                     1mW-600mW 
Power Consumption:          ~4W max at 600mW, ~1.9W at 200mW 
Video Input Impedance:      75ohm 
Antenna:                             N/A 
Video Format:                     N/A 
Channels:                           40 - 48 
Cost:                                   ~$40,00 without shipping 
[18] 
 
Eachine VTX03 Super Mini 
 
The Eachine Super Mini is a super cheap and compact VTX that is low power 
with a decent performance.  It supports up to 72 channels but has no voltage 
regulator meaning input voltages are quite limited. This is an option that does 
include a 5.8Ghz IPEX antenna.  The Eachine Super Mini is a great budget 
option if our price becomes an issue later on down the road. 
 
Dimensions:                        L: 21.43mm W: 15.2mm 
Weight:                                2.97g 
Input Voltage:                      3.2v-5.5v 
Output Power:                     25mW, 50mW, 200mW 
Power Consumption:          N/A 
Video Input Impedance:      N/A 
Antenna:                             55mm x 5mm IPEX 
Video Format:                     NTSC/PAL 
Channels:                            72 
Cost:                                    ~$12.00 without shipping 
[19] 
 
Aomway 
         
The Aomway is an older VTX that has gotten very favorable reviews in the past 
for its performance and reliability. This option is another middle of the road 
transmitter with standard features. Unfortunately, the output power is fixed at 
200mW which could be an issue if we need a longer range but a 5dB antenna is 
included which is a plus. 
 
Dimensions:                        L: 26mm W: 20mm H: 8mm 
Weight:                                6 grams without antenna 
Input voltage:                      6v-24v 
Output power:                     200mW 
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Power Consumption:          N/A 
Video Input Impedance:      N/A 
Antenna:                             5dB 
Video Format                      N/A 
Channels:                            32 
Cost:                                    ~$23.00 without shipping 
[20] 
 
VTX Comparison / Conclusion 
 
This section will compare the specifications of each researched VTX option. 
Below is Table 4 showing our options side by side with the final decision 
highlighted.  

  
Table 4: VTX Comparison 

Specs Matek 
VTX HV 

TBS Unify Pro 
Race 

TBS Unify PRO 
V2 

TBS Unify PRO 
HV 

Tramp 
HV VTX 

Eachine 
VTX03 

Aomway 

Dimensions 36 x 22 
x 6.5mm 

24 x 17 x 4mm 24 x 17 x 4mm 24 x 17 x 4mm 32 x 14 
x 5mm 

21.5 x 
15mm 

26 x 20 x 
8mm 

Weight 6g 5g 5g 5g 4g 3g 6g 

Input Voltage 7v-27v up to 25.2v 5v up to 25.2v 2s-4s 
HV LIP 

3.2v – 
5.5v 

6v – 24v 

Output Power 25mW2
00mW, 
500mW 

25mW-200mW 25mW-800mW 25mW-800mW 1mW-
600mW 

20mW, 
50mW, 
200mW 

200mW 

Power 
Consumption 

3.1W 
Max at 
500mW 

25mW/250mA, 
200mW/320mA 

25mW/250mA, 
up to 800Mw 
/600mA 

25mW/250mA, 
up to 800Mw 
/600mA 

4W at 
600mW, 
1.9W at 
200mW 

N/A N/A 

Antenna 5.8Ghz 
whip 
10cm 

NO NO NO NO 55 x 
5mm 
IPEX 

5dB 
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Cost ~$30.00 ~$30.00 ~$40.00 ~$50.00 ~$40.00 ~$12.00 ~$23.00 

  
 
Testing is currently being done on transmitting a WIFI signal with a normal router 
setup as well as using the WIFIBroadcast system. Since our first FPV camera 
comes with WIFI capabilities this option will be explored first to reduce cost and 
might be a simple solution. 
 
VRX Research 
         
It is important to pick a VRX that is compatible with the video transmitter, one that 
receives from the same frequency band that the VTX transmits from. Having 
receivers that support only one or a few bands are going to be less expensive but 
more likely to have compatibility issues.  Weight and power consumption will not 
be an issue whatsoever since this subsystem will not be on our drone. 
 
FR632 Diversity 
         
The FR632 Diversity is a standard receiver that has SMA connectors which are 
compatible with most antennas in case they need to be altered for any reason. It 
receives on bands A, B, E, and F with great range and often gets favorable 
reviews on hobbyking, amazon, and other wholesale websites. 
 
Receiving Frequency:          5.6GHz – 5.95GHz 
Channels:                             40 
Compatible Bands:              A B E F 
Cost:                                     ~$50.00 without shipping         
[21]       
 
Wolfwhoop RC832 
         
The RC832 is a 40-channel receiver that is on the budget end of our options 
because it still offers a decent amount of frequency bands to choose from at a 
cheap price. It has a shorter range than other receivers but this will likely be a 
non-issue.  Although the build quality if less than most other options, you get 
what you paid for. 
 
Receiving Frequency:          5.8 GHz 
Channels:                             40 
Compatible Bands:              A b E F r 
Cost:                                     ~$18.00 without shipping 
[22] 
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UNO 5800 
          
The UNO 5800 is a high-end option that is very sensitive (-90dBm) supporting all 
common FPV frequencies.  There is a high-performance RF filter to keep image 
quality high at any distance and so that it won’t be affected by 2.4GHz or UHF 
R/C radios. 
 
Receiving Frequency:          ~5.6 GHz - ~5.9 GHz 
Channels:                             40 
Compatible Bands:              6 
Cost:                                     ~$62.00 
[23] 
 
VRX Comparison / Conclusion 
 
This section will compare the specifications of each researched VRX option. 
Below is Table 5 showing our options side by side with the final decision 
highlighted. 
 

Table 5: VRX Comparison 

Specification FR632 Diversity WolfWhoop 
RC832 

UNO 5800 

Receiving 
Frequency 

5.6 – 5.95 GHz 5.8GHz 5.6 – 5.9GHz 

Channels 40 40 40 

Compatible 
Bands 

A B E F A b E F r 6 

Cost ~$50.00 ~$18.00 ~$62.00 

 
Testing is currently being done on transmitting a WIFI signal with a normal router 
setup as well as using the WIFIBroadcast system. Since our first FPV camera 
comes with WIFI capabilities this option was explored first to reduce cost and 
might be a simple solution. 
 
Antenna Research: 
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In the case where our VTX does not come with an antenna we will need to 
choose our own to purchase. Also, if the antenna that comes with our VTX is not 
suitable they are all modular and can be changed out at any point. Having a 
quality antenna will emit a strong signal which will in turn affect the quality of our 
FPV image.  
 
An important consideration is the type of connector and the gender of the 
connector. The two most popular connects are Sub-Miniature Version A (SMA) 
and Reverse Polarity SMA (RP-SMA.)  Both connection types have two genders 
and can be modulated to be at a 45 or 90-degree angles if necessary. The next 
sections will take the considerations and make a decision that best suits our 
design. [24] 
 
FPV Camera 
 
The FPV camera is going to be the eyes of this drone. Having a camera with high 
image quality with low latency are qualities we want to maximize when choosing 
this subsystem. The obvious cost, size, and other features were considered as 
well in the proceeding segments. 
 
 FPV Camera Options 
  
There are going to be two main options when choosing our drones FPV camera, 
CCD or CMOS.  These are image sensing technologies used in many modern 
cameras used today. Charged coupling device (CCD) cameras generally have a 
good wide dynamic range (WDR) meaning they have great image quality in 
extreme lighting situations. Being that our competition is taking place outdoors in 
sunny Florida this might be a good option.  Complementary metal oxide 
semiconductor (CMOS) image sensor based cameras offer faster frame rate, 
higher resolution, and a lower power consumption than CCD, also they tend to 
be cheaper than CCD! [25] [26] 
 
The field of view (FOV) of our camera may also be a very important feature we 
need to consider.  The prey detection software will likely benefit from having the 
largest field of view possible. With a smaller field of view the search phase was 
more time consuming, power consuming because the drone will have to move 
around more to search, and may be more susceptible to hitting obstacles. The 
focal length of the camera lens will impact the field of view. Focal lengths that are 
smaller produce a larger field of view. Getting the focal length at or below 2mm 
will optimize our focal length while staying within a reasonable price. [27] 
 
Having a motor attached to the camera with a pan and tilt feature would have 
been beneficial to our system because it will have a drastic impact on what our 
drone can see. This will potentially eliminate the need for a larger field of view 
depending on how far the camera can pan and tilt. 
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Having a camera with the lowest latency possible will produce the best results for 
our drone in this competition. A lower latency camera will give inputs faster to our 
image detection and autopilot software helping us score more points.  Although 
the drone won’t be moving at extreme speeds, low latency will likely have a 
noticeable impact on the speed at which we detect and engage a prey drone.  
Generally, FPV cameras have a latency of 50 milliseconds or less. 
 
Pixy (CMUcam5) 
 
The pixycam is an object tracking computer vision camera that is compatible to 
interface with Arduino, raspberry pi and other microcontrollers. The camera is 
very easy to use and can track an object by putting it in front of the camera and 
pressing a button to recognize the object. This camera communicates through 
many different interfaces like SPI, I2C, UART, USB and or analog/digital output. 
Being that this camera is compatible with multiple different platforms it is a low 
risk purchase with a huge amount of value. Having multiple subsystems 
combined into one will make programming easier as well as reduce the power 
requirements and weight of the aircraft. 
 
The pixycam has the ability to recognize and differentiate up to 7 different color 
targets and hundreds of similar items at one time even putting a box around the 
tracked target. With this feature we could track both prey and friendly aircraft as 
well as potential obstacles to avoid.  This can be accessed with a free software 
called PixyMon which allows you to see what the camera sees with or without the 
targets highlighted and surrounded by a box. This software also allows for 
precision tracking if the object you are searching for is difficult for the processor 
to identify given only the image the camera picks up. It also allows us to tweak 
the parameters at which the camera detects like increasing or decreasing the 
range at which it picks up an object or adjusting camera brightness to adjust 
dynamic range (for outdoor situations). The camera should be able to detect our 
prey at a distance as they claim to be able to track a ping-pong ball at roughly ten 
feet away. Images as small as 4x1 pixels can be tracked at up to 50 frames per 
second at a resolution of 640x400. The lens field of view is 75 degrees but there 
is an option for a pan and tilt motor to attach making this largely irrelevant. 
 
Dimensions:                         L: 2.1 inch W: 2 inch H: 1.4 inch 
Weight:                                 27 grams 
Voltage Input:                       USB 5v or 6v – 10 v unregulated 
Power Consumption:           140mA 
Image Sensor:                      Omnivision OV97 15 1/4” 1280 x 800 
Field of View:                       75 degrees 
Latency:                               ~20ms 
Cost:                                    $70.00 + $40.00 with Pan/Tilt motor without shipping 
[28] 
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Runcam Swift 2 
 
The Runcam Swift 2 is a very small FPV camera that includes an OSD chip that 
has voltage monitoring and flight time to name a few. It is easily mountable and 
has a range of lens options for different field of view angles. Having an FPV with 
OSD capabilities is a huge plus because it cuts costs and complications with 
design we may run into. 
Dimensions:                         L: 28.5mm W: 26mm H: 26mm 
Weight:                                 14g 
Voltage Input:                       5v – 36v DC 
Power Consumption:           N/A 
Image Sensor:                      1/3” SONY SUPER HAD ii CCD 
Field of View:                       130 – 165 degrees 
Latency:                               ~32 ms 
Cost:                                     ~$32.00 without shipping 
[29] 
  
Foxeer HS1177 V2 
 
The Foxeer FPV is the low feature low cost yet reliable option for designs where 
our FPV simply needs to get the image to another subsystem.  This is a camera 
with similar image quality and specifications as the Runcam Swift 2 but without 
the OSD chip (although it offers support to easily connect one. 
 
Dimensions:                         L: 28mm W: 26mm H: 29mm 
Weight:                                 12.4g 
Voltage input:                       5v – 40v DC 
Power Consumption:           70mA 
Image Sensor:                      1/3” Sony SUPER HAD ii CCD Nextchip 2040  
     DSP 
Field of View:                       115 – 130 degrees 
Latency:                               ~20 ms 
Cost:                                     ~$24.00 without shipping 
[30] 
 
Runcam Split 
 
The Runcam is a HD/FPV camera that runs at 60 fps at high resolution of 1080p.  
Where this camera succeeds in image quality it fails in latency at roughly 50 ms. 
Unfortunately, the HD image cannot be viewed immediately and must be 
uploaded separately from the live FPV image currently being viewed. This option 
is considered for the case that we can do on the ground image processing then 
relay information back to the drone. This camera has support for wifi reducing the 
need for a VRX and VTX reducing our cost, weight, and power consumption on 
the aircraft. 
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Dimensions:                         L: 36mm W: 38mm 
Weight;                                 21g 
Voltage Input:                       5v 
Power Consumption:           430mA – 650mA 
Image Sensor:                      N/A 
Field of View:                       130 – 165 degrees 
Latency:                               50ms 
Cost:                                     ~$70.00 without shipping 
[31] 
 
FPV Comparison / Conclusion 
This section will compare the specifications of each researched option. Below is 
Table 6 showing our options side by side with the final decision highlighted. 
 

Table 6: FPV comparison 

Specification Pixy 
CMUcam5 

Runcam 
Swift 2 

Foxeer 
HS1177 V2 

Runcam Split 
  

Dimensions 53.34 x 50.8 x 
35.6mm 

28.5 x 26 x 
26mm 

28 x 26 x 
29mm 

36 x 38mm 

Weight 27g 14g 12.4g 21g 

Voltage Input 5v – 10v 5v – 36v DC 5v – 40v DC 5v 

Power 
Consumption 

140mA N/A 70mA 430mA – 
650mA 

Field of View 75° 130° - 165° 115° – 130° 130° – 165° 

Latency 20ms 32ms 20ms 50ms 

Cost ~$70.00 ~$32.00 ~$24.00 ~$70.00 

  
After considering field of view, latency, power consumption, size and weight, 
price and other factors we’ve decided to purchase the Pixy CMUcam5 as our 
FPV for numerous reasons. Having an FPV camera with a computer vision chip 
integrated in it reduces the burden on another of our subsystems in so far as 
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research, design, and all the power, cost, and weight concerns as well. This is 
offset by the fact that the Pixy weights and costs more than other options but the 
value is many times made up for with this option.  
 
Since the computer vision subsystem will likely be the most challenging part of 
this project, investing in a system like Pixy will largely ease time constraints for 
research, and testing can begin right away without having to develop a detection 
algorithm ourselves.  Having a smaller field of view than other cameras the Pixy 
CMUcam5 may come with difficulties. Locating the target may be a little more 
challenging so we may need to alter the search phase of the drone autopilot to 
make up for this. Nonetheless this option is far superior to the other cameras if 
the computer vision subsystem ends up working as we plan it should. 
 
Quadcopter Tradeoffs 
 
Deciding which motors to go with and the length of the rotary blades will greatly 
determine the overall size, speed, and thrust capacity of the drone.  The primary 
factor for the motors is the Kv rating, which denotes the inverse of the back-emf 
constant for the motor. [32]  Motors which have a higher Kv rating can spin at 
very high speeds, but may have low torque.  Motors which have a lower Kv rating 
tend to spin more slowly, but have more torque.  In practice, this means that 
large drones with heavy frames tend to use motors with lower Kv ratings and 
longer rotary blades for extra thrust.  Smaller drones with lighter frames tend to 
use motors with higher Kv ratings so that they can spin short rotary blades at 
very high speeds.  The key is a balance between thrust and speed.  The general 
consensus is to design drones to be capable of exerting twice as much thrust as 
the weight of the drone. [33] 
 
LiPo battery would be a good choice.  Almost always used for drones because it 
is lightweight and has a high energy capacity for its weight. 
 
 
First Person Video (FPV) Camera Tradeoffs 
 
One of the primary components for the autonomous drone was the FPV camera.  
This device was responsible both for providing the drone with a means by which 
for observing its environment, but also a means for providing a continuous video 
stream feed for the audience on the ground below and for the team to monitor.  
To ensure that the most suitable FPV camera was chosen which would fit our 
needs and be within a reasonable cost, we sought to first gain a thorough 
understanding of the concepts which are most relevant to choosing a FPV 
camera. 
 
Relevant terminology: 
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FPV:  First Person Video.  A key requirement of the project is to include a real-
time FPV video feed to an LCD display on the ground so that people may see a 
live video stream through the perspective of the autonomous drone. A product 
comparison is shown in table 7. 
 
AIO:  All In One.  This is a useful acronym to utilize when searching for FPV 
camera kits which include the LCD screen, the radio transmitter, the radio 
receiver, and the camera itself.  Purchasing an AIO may help to ensure that the 
various components work well together. 
 
TVL:  Television Lines [also known as: Lines of Horizontal Resolution (LoHR)].  
Can be measured with the EIA-1956 standard  Some FPV cameras cite this 
metric as a means of indicating the quality of the video, as opposed to stating the 
camera is 720p or 1080p, as examples. 
 
APS:  Active Pixel Sensor.  An image sensor consisting of an array of pixel 
sensors.  APS is in fact an integrated circuit. 
 
CMOS Sensor:  A type of APS sensor which uses complementary metal-oxide 
semiconductors to detect light at each pixel. 
 
5.8G:  5.8 GHz frequency signal.  A seemingly common frequency for short 
range wireless signals.  It should be noted that at least some of the FPV cameras 
can operate at a frequency band range, such as 5.3 GHz to about 5.9 GHz. 
 
48CH:  48 Channel.  I believe this means that the signal operates on channel 
number 48 of the 5 GHz band, not that the device could use 48 different 
channels. 
 
mW:  milliWatts.  Much like the watts rating of a light bulb indicates how bright 
the light bulb will be, the milliWatts rating of a wireless signal indicates the 
strength of the signal. 
 
dBi:  Antenna Gain.  Describes the energy efficiency of the radio transmitter as it 
converts electricity into radio waves.  For the radio receiver, the antenna gain 
describes how efficiently the receiver picks up radio waves from the air. 
 

Table 7:  Product Comparison of Wireless FPV Camera Kits 
Product Link Resolution LCD Freq. mW Range 

Tomlov 
FX797T 

http://a.co/
deXwZLh  

600 TVL 4.3 in 5.8G 25  100 m 

MJX D43 http://a.co/9d
I4bRy  

720p HD 4.3 in 5.8G 500 300 m 
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RunCam 
Micro Swift 

http://a.co/
avPQE5Y  

600 TVL - 5.8G 25 100 m 

USA 
Quadcopter 

http://a.co/
8egdkLn  

- HD 7 in 5.8G 2,000 - 

 
 
4.0 Related Standards and Design 
Constraints 
 
Producing a final product which could be readily understood by a completely new 
design team, is a major goal for this project.  To ensure documentation, code, 
and various design document are well written and formatted, various standards 
and design constraints have been considered.  This sections serves as a very 
brief overview of the most relevant standards which was implemented through 
the design and production of this project. 
 

 4.1. Coding Standards 
 
We used several coding standards in order to maintain clean code, and ensure 
that there is a basic understanding of each software class before we begin 
coding in C++.   These standards include the list below, and are based on the 
C++ Standard Library. 
 

● camelCase naming conventions for all functions and variables. 
 

● All UPPER_CASE characters to define a constant or a macro, separated 
by underscores. 

 
● Use the object oriented structures to your advantage.  If code can be 

reused, then make it publicly available to other classes. 
 

● Use interfaces to add functionality to core classes, and implement the 
functions in a consistent way. 

 
● Encapsulate data so it cannot be changed by outside applications.  Since 

our project customer is Lockheed Martin, we should write code that is both 
secure and tightly organized.  This means that not every class or variable 
should be public.  Only variables that are intended to be changed by other 
classes should be public.  This also includes using the protected keyword 
- if only the children subclasses of a master class need access, we will 
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use protected instead of public.  Without encapsulation, data loss can 
occur and it is much more difficult to debug code. 

 
● Rather than setting and getting data by calling class references directly, 

we will use getters and setters within the class itself in order to manipulate 
data. 

 
● Stay consistent within the Github version control - and do not delete other 

people’s code.  If code needs to be changed, we will come to a consensus 
about it as a group first and then make the appropriate changes.  Code 
can be freely added, but only the creator can remove. 

 
● Classes will have the first letter of each Class capitalized, and follow the 

PascalCase naming convention. 
 

● Since memory is limited on a small, embedded, system, all memory was 
appropriately allocated and freed to prevent a stack overflow. 

 
● This also means that we must limit the dynamic allocation of memory and 

stick to static allocation for the most part. 
 
 4.2. Electronics Standards 
 

EIA-1956 - Can be used to measure the RoHS of video. [34] 
 

All circuitry was carefully handled to prevent ESD (Electrostatic Discharge).  
Electrostatic discharge can actually permanently damage circuits because when 
two objects touch, a small charge is generated.  This charge is often enough to 
short circuit small components such as processors or voltage regulators, so we 
was following standard electronics protocol regarding minimizing electrostatic 
discharge and possibly also wearing ESD wristbands in specific circumstances. 
 
 4.3. Legal Standards  
 
Naturally, the usage of drones has also increase the amount of regulations 
surrounding them.  As a result, there are different laws regarding drone usage in 
different states.  According to the 2017 Florida Statutes,   drones may not be 
used for any sort of surveillance or spying, and may not infringe upon basic 
individual rights and privacy. However, the police are exempt from this statute if 
they have a legal search warrant.   
 
Basically, within our projects, we must be careful to make sure that we follow all 
the rules and regulations in the state of Florida. Otherwise, there could be some 
severe legal implications.  In order to prevent this risk, we will register our drone 
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with the state of Florida to make it legitimate.  There are no known political 
ramifications regarding our design, and no known environmental or 
manufacturing ramifications either. 
 
4.4. ABET A-K Realistic Design Constraints 
 
Below, we have listed the ABET (Accreditation Board for Engineering and 
Technology) A-K Design constraints, from the ABET website. [35] 
 
Within each of these constraints, we will provide a short summary of how each of 
these design constraints are met within our team. 
 
(a) an ability to apply knowledge of mathematics, science, and engineering. 
 
Our team has consistently used knowledge from math, science, and engineering 
in order to effectively research and design systems that can detect objects, 
transmit live video, and provide enough thrust to a quadcopter to support each of 
the weight.  This knowledge gained from the university has served us well in 
understanding the dynamics behind the quadcopter, the mechanical versus 
software tradeoffs, and the basic understanding of flight. 
 
(b) an ability to design and conduct experiments, as well as to analyze and 
interpret data. 
  
Our team will test the functionality of the hardware once it arrives, to ensure that 
the hardware meets our processing and sensing needs.  We were creating 
measurable tests to ensure that Pixy Camera can effectively detect enemy 
quadcopters, along with PCB (Printed Circuit Board) tests to ensure that the DC 
to DC converter was able to efficiently step down voltages.  Based on our data 
findings, we plan to tweak our mechanical and software systems in order to fix 
any errors that occur. 
  
(c) an ability to design a system, component, or process to meet desired needs 
within realistic constraints such as economic, environmental, social, political, 
ethical, health and safety, manufacturability, and sustainability. 
 
Since our project does not directly affect any economic, environmental, social, 
political, ethical, or manufacturing concerns, we do not expect our project to have 
any ramifications.  From the standpoint of public health and safety, we followed 
all political regulations involving quadcopters / drones, as stated in section 4.3.  
These regulations include not surpassing a specific height, not using our 
quadcopter for surveillance purposes, and ensuring that we have permission to 
film all footage of our quadcopter within the competition.  
 
(d) an ability to function on multidisciplinary teams. 
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This semester has been a challenge for our team to integrate within other teams 
- Mechanical, Aerospace, and Computer Science.  However, we have effectively 
used the strengths and weaknesses of each sub-team to our advantage.  
Through organization and targeted research, we used these interdisciplinary 
teams to our advantage to identify the critical path for project completion, and 
working step by step to ensure that all functional and nonfunctional requirements 
are met.  Through extensive communication and appropriate organization, we 
appropriated specialized sections within our team to focus on specific common 
goals.  As a result, we are better able to synthesize our work at the end of our 
project, and this ensures that no team or person researches redundantly. 
 
(e) an ability to identify, formulate, and solve engineering problems. 
 
Within the competition, we will experience several engineering problems and 
challenges, including the mechanical challenge of creating a quadcopter that can 
fly and support a certain amount of weight.  Other challenges include modifying 
the control system within Pixhawk to ensure that motors can respond quickly and 
accurately.  Sensor failure is a definite risk, along with the possibility that weather 
conditions might short out our circuitry.  Each of these examples identified show 
the myriad of engineering problems that we have to face. 
 
(f) an understanding of professional and ethical responsibility. 
 
Given that our customer is Lockheed Martin, we must present ourselves in a 
professional and organized manner - meeting time deadlines and wearing 
professional clothing, along with effective communication.  Our ethical challenges 
include not only following all respective surveillance laws, but also making sure 
that all sources are cited correctly and ensuring that we have permission to use 
every image and word in this paper. 
 
(g) an ability to communicate effectively. 
 
This project has given us the ability to communicate effectively from a technical 
standpoint, to synthesize the research we have completed this semester into a 
single paper.    
 
(h) the broad education necessary to understand the impact of engineering 
solutions in a global, economic, environmental, and societal context. 
 
This project has helped us realize the impact of engineering solutions because a 
quadcopter like this could be used in the field to save human lives, potentially 
prevent unauthorized surveillance, and maybe even bomb drone detonation at 
some point.  Our project could be directly involved in preventing terror attacks 
and enforcing defense protections, so it represents a critically important global 
solution.  From an economic standpoint, saving human lives is priceless.  From 
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an environmental context, if we can collide with drones that are carrying bombs 
before they reach their intended target, we can also prevent the bomb explosions 
which can benefit the environment.   
 
(i) a recognition of the need for, and an ability to engage in lifelong learning. 
 
We recognize the importance of lifelong learning because only through learning 
can true creativity be expressed.  Lifelong learning allows us to shape our lives 
and specialize within our strengths, and work alongside teams who complement 
our weaknesses.  Lifelong learning can change the world by offering unique 
solutions to specific problems. 
 
(j) a knowledge of contemporary issues. 
 
Throughout the research within this project, we have gained a new 
understanding on the specific drones, FPV cameras, PCB reference designs, 
and flight controllers that are on the market.  This research has led us to 
additionally explore the ethical considerations of filming within a quadcopter, and 
has introduced us to a host of contemporary issues including legal 
considerations, new technologies, programmable flight controllers with a built in 
control system, and quadcopter starter kits. 
 
(k) an ability to use the techniques, skills, and modern engineering tools 
necessary for engineering practice. 
 
Throughout our research, we have come across countless modern engineering 
tools including EagleCAD, OpenCV, the TensorFlow Library, Ultra Librarian, PX4 
Pixhawk Software, and countless others.  These engineering tools have allowed 
us to gain an enlightened understanding of just how many tools exist out there, 
and we hope we can use these tools next semester to build a successful 
quadcopter and an effective project. 
 

5.0 System Design Details 
 
The term ‘System Design’ refers to the overall hardware of our project and how 
each subsystem operates within the super system.  Naturally, the process of 
system development means that our initial design is fundamentally different from 
our final design. Nevertheless, it is necessary to have a starting point within any 
major project in order to progress.  
 
As this project continues from now until next semester, we expect that the 
hardware will not always work perfectly, and we expect that subsystem failures 
might occur.  In order to mitigate these design risks, we have set clear cut 
requirements for each individual subsystem, and we have set loose 
dependencies for each subsystem within our project. 
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5.1. Subsystem Overview 
 
OpenCV motion detection and tracking system 
 
We will use Pixy Camera with it’s built in object detection software to teach the 
quadcopter how to recognize an enemy drone.  This data was fed to the 
Raspberry Pi for further processing. 
 
In parallel, the Computer Science team was using the open source computer 
vision library (OpenCV).  This subsystem will detect motion in front of a partially 
static background. A multi-core processor was used to run the computer vision 
detection algorithm over a video input received by the FPV feed.  We believe this 
is an effective backup plan, because if we run into any software constraints, we 
can work together with the other team to fix any problems and improve detection.  
Most likely, though, Pixy Camera will suit our needs. 
  
FPV camera overlay 

 
The drone will have a first-person view (FPV) camera mounted on its frame to 
transmit live video. The output image was shown through an on-ground monitor 
and feature an overlay that shows the target being tracked as well as a number 
of data regarding the drone altitude, position, battery life etc. 
  
Object detection sensor 
  
The object detection subsystem will send a signal to the autopilot system when 
the drone reaches x distance from an obstacle. The autopilot system will then 
maneuver left or right past the obstacle. Using data from the OpenCV system we 
can determine if the object detected is our target and proceed to shut down the 
object detecting sensor. 
  
 Autopilot 
 
Given data from the other subsystems, the autopilot will send signals to alter the 
PWM duty cycle outputted to the drone motors, driving it towards the target.  This 
mode will use the control system within PixHawk 2.1 to fly autonomously.  We 
may need to tweak this software as we add more components within our 
subsystem. Basically, there were two phases within autopilot mode; one for 
tracking the target and one for engaging the target.   
  
Step-down buck power converter (PCB) 
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The PCB design will allow us to step down the central power source to any 
voltage each subsystem requires. The step-down converter will allow us to 
convert the 12 Volts that our drone uses, into the 3.3 volts required by an Arduino 
and other Arduino sensors.  The 3.3 volt voltage line will also power the 
Raspberry Pi, which is necessary to use for OpenCV.  The buck converter will 
also be responsible for ensuring that no voltage spikes occur across the sensors, 
otherwise various components could get burnt out.   
  
Protective Cage 
 
A Protective cage was attached to the drone frame and completely surround the 
drone as it maneuvers.  The cage was 3D printed and used to protect the drone 
as it comes in physical contact with the target or unexpected obstacles. 

 
5.1.1 Communication Between Subsystems 
 
This project is made possible by segmenting the overall design into various 
subsystems.  Each subsystem addresses a specific need or functionality of the 
overall design requirements.  For example, the flight-controller subsystem 
maintains stable flight for the drone, whereas the microcontroller module 
processes images from the camera to identify objects within the environment in 
addition to running the autonomous navigation program for the drone.  This 
section describes how these various subsystems were integrated to form a 
whole, functioning final product. 
 
Serial Communication 
 
Many of our components will communicate via a serial communication line 
sending data bit by bit over one wire. Some serial communication protocols we 
will consider using are I2C, SPI, UART, and USB which many of our components 
are already compatible with. For example, the pixycam will likely communicate 
with one of these protocols to a companion computer like a raspberry pi, then 
send new data to the pixhawk flight controller. 
 
Unlike parallel communications which have a wire for each bit serial 
communications are cheaper, have less noise, and are smaller but generally 
slower than a parallel communication protocol. The protocol transmits 8 bits at a 
time with a start and stop bit to define differences in data.  The scope of serial 
communication is made up of synchronous and asynchronous transmissions. 
Synchronous meaning the start and stop bit are neglected and instead data is 
sent in a multiple byte format. Asynchronous transmissions have the extra stop 
and start bits just discussed.   In the next sections we’ll discuss the differences in 
serial communications and which best suit our design. 
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SPI 
 
SPI is a common synchronous serial communication interface which stands for 
Serial Peripheral Interface. SPI is a full duplex interface that means 
communication of bits can flow both ways on a wire simultaneously, an example 
of this is communicating via skype or a telephone call where both parties can 
listen and talk at the same time.  Having full duplex systems are advantageous 
when using a serial protocol because they are faster and nodes need not wait for 
data from a sender to begin sending data of their own.  
 
The serial bus of SPI has four data lines and communicates with a master slave 
setup as shown in Figure 4.  The four signals are serial clock (SCLK,) which is 
output from the master only, master output slave input (MOSI,) master input 
slave output (MISO,) and slave select (SS.) Having a SS line implies that this 
communications protocol enables multiple slaves to one master making this a 
versatile system. 
  

 

 
Figure 4:  SPI configuration with a single slave [36] 

 
There are a few other configurations that SPI can be set up with for example a 
daisy chain configuration or an independent slave configuration. For a daisy 
chain configuration, the first slave output goes into the slave input of the following 
slave and so on and so forth for as many slaves there are in the system 
emulating the advantage of using a shift register. This reduces the number of 
overall pins for this configuration. For the independent slave configuration, the 
master has a SS line for each respective slave. 
 
SPI has many applications especially in embedded systems and sensors since it 
is much smaller than other protocols. SPI is not limited by 8-bit words or clock 
speeds and generally has higher throughput than I2C. More advantages of SPI 
are its low power consumption, simple implementation with software, and the use 
of master clock on all slaves. Some disadvantages of SPI are that it requires 
more pins than I2C. Because the hardware is so simple there is no real hardware 
flow control and everything must wait for a new clock cycle to get things done. 
Also since this is a full duplex system and there are no acknowledgments the 
master could be transmitting a signal, not get a response and never know why. 
 
I2C 
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Inter-integrated circuit or I2C is another popular serial communications interface 
like SPI that is commonly used in many embedded devices. I2C differs from SPI 
in that it can not only have multiple slaves but it can also have multiple masters.  
This is a half-duplex bus meaning communication can be sent multidirectional 
across the same line but not simultaneously much like a train stopping at the end 
of the line and backtracking to continue on the same path.  This lends itself to 
having four separate modes; master transmit, master receive, slave transmit, and 
slave receive. 
 
The design of I2C has only two wires independent of the number of slaves and 
masters shown in Figure 5. They are the serial data line (SDA,) and the serial 
clock line (SCL.) Unlike SPI, I2C uses chip addressing with start and stop signals 
as well as stop and start bits to acknowledge when the message begins and 
ends. This is sent through the SDA.  The master can read or write from a slave 
with a single message or a master can read or write from or to one or multiple 
slaves.  
 

 
Figure 5: I2C interface [37] 

 
The advantage of having multiple masters is that the circuit can be more complex 
and versatile than a SPI interface possibly making the overall subsystem 
communications design easier to implement.  The disadvantage of this is that 
software is required making processing overheads larger.  Another advantage is 
I2c has what is called an open collector bus. The open collector bus allows a 
variation of voltage levels when adding devices to the system. SPI must have all 
its components commit to the same bus voltage which may limit the components 
variety. Generally speaking however, as a result of the more flexible design I2C 
is a slower configuration than SPI. [38] 
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UART 
 
Universal asynchronous receiver-transmitter (UART,) is another serial 
communication device that has adjustable speeds at which data moves and 
processes bytes of data bit by bit with one start bit and one stop bit.  The UART 
design shown in Figure 6 is probably the most widely used in many embedded 
devices making it very accessible to many of our subsystems. UART has no 
designated clock signal like I2C and SPI, instead two communicating devices will 
utilize their own clock signals independently. 
 

  
Figure 6: UART Interface 

 
UART devices are versatile and can support full duplex, half duplex, and simplex 
which is a wire that can only transmit data one way. The design has a shift 
register allowing conversion between serial and parallel data. This idea saves 
space in wires because information is transmitted serially but converted in the 
device. When data is transferred, the receiver module tests the inbound clock 
signal to find the start bit making sure it lasts at least half of a bits normal bit time. 
Once all the data from the frame of bits is received and sampled a flag will be set 
and interrupt will be initiated recognizing that data can now be accessed. 
 
UART is an advantageous device to use for communicating between our 
subsystems because it is very commonly found in a variety of devices. It is a 
simplistic serial transmission method with no software addressing but can only 
communicate between two devices at once. 
 
Wireless Communication 
 
Some potential wireless communications methods we will use on this project are 
WIFI, GPS, and radio frequencies. A wireless communication was necessary to 
show FPV with overlays as well as to send commands via the remote control. 
FPV with overlays were either transmitted and received via WIFI or radio 
frequencies but manual commands were given through radio signal via remote 
control. GPS radio navigation was used by our flight controller accompanied by 
other sensors to help navigate through the course once a target is designated.  
 
Radio Frequency 
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Radio frequencies were used in our design for issuing manual commands to our 
drone via a controller on the ground station. In the case that WIFI is not used to 
transmit FPV images, an analog RF signal must be used to transmit the images 
with a VTX and VRX.  
 
Radio communication frequencies are electromagnetic waves generally with a 
frequency from 20KHz to 300GHz. In radio communication signals are 
transmitted through an antenna and receivers tuned to the frequency transmitted 
will pick up the signal. The distance at which these frequencies can travel are 
largely dependent on the power of transmission, attributes of the antenna, noise, 
interfering signals as well as a few other variables.  
 
The main characteristics of electromagnetic signals are amplitude, frequency, 
and phase and their values will have different effects on the outcome of that 
signal that is produced. Amplitude of a wave will generally indicate how strong 
the signal is and therefore have an effect on how far the wave will travel once 
produced. Amplitude is usually represented by power in the units of mW or dB. 
 
Frequency is the number of times a second the signal repeats itself from start to 
finish and is measured in Hz. Signals of higher frequency may travel less of a 
distance of lower frequencies given the same amplitude because signals of 
larger wavelengths or lower frequencies tend to diffract around obstacles in the 
way rather than reflect off obstacles and mess up the clarity of the propagating 
signal.  The phase of a radio wave is how offset or shifted the wave is from a 
particular reference point. The phase of a signal is measured in degrees and a 
signal period lasts from 0 to 360 degrees.  
 
Modulation of these signal characteristics allows for signal transmission over 
large distances. A carrier signal is mixed with a signal you want to transmit then 
amplified to be propagated through an antenna and received elsewhere. Once 
the signal is received it is demodulated back to its original state and data can be 
extrapolated.  
 
Amplitude modulation is a simple form of modulation present in the form of AM 
radio stations. Amplitude modulation is susceptible to noise more so than a 
frequency modulated signal because the nature of noise has an effect on a 
signal's amplitude more than a signal's frequency. Because the propagation of 
the signal in this case is dependent on changing the amplitude this signal was 
negatively affected more easily. For these reasons frequency and phase 
modulated signals are more robust. 
 
WIFI waves are propagated radio waves however the method of propagation for 
this project's purposes may be different per subsystem. The transmitter receiver 
set up shown in Figure 7 was the method of issuing manual commands to the 
drone and may be the method by which the FPV is shown. 
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Figure 7: Radio Frequency System [39] 

WIFI 
 
WIFI is easily compatible with millions of devices around the world connecting 
through a wireless local area network which will link numerous devices together 
within a small area (generally within 60 feet.) This LAN can be set up with a 
wireless access point (WAP) device that then connects to a network providing 
access to the internet.  WIFI has a set of standards called IEEE 802.11 standard 
which specified media access control (MAC) and physical layer for 
implementation.  MAC is one of a few layers in the computer network model 
enabling the access between devices, giving each device an assigned MAC 
address for a reliable link when sending packets of data. The physical layer is the 
lowest in this model which consists of the actual hardware used to transmit 
packets back and forth to MAC addresses. Figure 8 shows a layered computer 
network model featuring the two layers. 
 

  
Figure 8:  Computer Network Model [40] 
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In addition to the WAP infrastructure mode where devices connect to a central 
access point there is also a feature called an AD HOC network. The AD HOC 
network allows multiple devices to connect solely to each other using their WIFI 
card. One device will transmit an ID and the machines will route the data 
themselves.  Not only does this have security benefits but it also eliminates the 
need for a router making the cost of operation a bit cheaper. [39], [41] 
 
For our purposes WIFI may be used to communicate video to the ground station. 
Images was created from the Pixycam device, data was serial transmitted to a 
companion computer of some sorts and in this scenario sent through WIFI from 
there to our ground station. Hopefully an AD HOC network can be setup to 
eliminate the need for a router. Potentially WIFIbroadcast can be set up to give a 
more analog like transmission to improve image quality.  
  
GPS 
 
Global positioning system is a satellite radio communications system operated by 
the United States Airforce.  Its purpose is a geolocator estimating the physical 
location of a device connecting to the system. GPS operates independently from 
the device connecting to it meaning data only has to be received from your 
device from the satellite. [42] 
 
GPS satellites use atomic clocks to help determine exactly where to satellite is 
positioned and at what time. With this information the satellite transmits data 
continuously to a receiver and with data from multiple satellites the receiver was 
able to derive its own location. A binary code is assigned to each GPS satellite 
and programed into all GPS receivers. A time of transmission message is sent by 
all satellites and a time of reception is measured from the GPS receiver. GPS 
receivers with clocks synchronized to GPS satellites have shown to have 
significant advantages in accuracy compared to receivers using their own clocks.  
One less satellite is needed to receive from if the receiver has its synchronized 
clock. 
 
The United States has 32 satellites in the GPS system making the entire planet 
visible by at least one satellite. Sometimes there are many satellites visible to a 
receiver simultaneously making measurements more accurate by using 
redundant information. Having more satellites than necessary also ensures that if 
one or more become operational for whatever reason there are backups. 
 
The infrastructure used to control the GPS system includes two master control 
stations (MCS,) four ground antennas and six monitoring stations.  The MCS has 
access to another set up of US air force ground antennas for more control if 
needed. 
 
For our purposes a GPS system was used in tandem with the flight controller to 
help navigate the drone autonomously. A combination of GPS coordinates, 
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computer vision algorithms, and various object detecting methods and sensors 
will enable the drone to maneuver toward the target without hitting an obstacle. If 
GPS information is accurate enough to combine with the computer vision data it 
was useful for an autonomous movement algorithm performed by one of the 
drones companion computers. 
 

5.2. Printed Circuit Board / Buck Converter 
 
The purpose of the printed circuit board is to facilitate varying voltage levels 
across the system.  The printed circuit board (PCB) will also stabilize voltage 
spikes, ensuring that components don't get damaged.  By using diodes to force 
the current in only one direction, we can make sure that spikes and voltages will 
not affect the core functionality of the system.  This, in conjunction with other 
capacitors and transistors, will allow us to designate specific voltage levels for 
any sensor that we require.  Since all of our circuitry and connected batteries was 
mounted on the quadcopter, we wanted. to minimize the weight of battery packs 
and other power sources.   Ideally, using less batteries will reduce our costs.   
 
We chose to use Eagle CAD in order to design the schematics, ensure that the 
routing is setup correctly, and generate the different layers of circuitry.  Within 
EagleCAD, it is important to create the schematic first to ensure that all 
components are properly connected and to ensure that the circuit serves it’s 
purpose.  From the schematic, EagleCAD allows you to generate a board layout 
based on your schematic file.  From there, each individual route must be traced 
to actually connect all of the components.   
 
While EagleCAD does include an auto-trace function, often, it is actually not the 
most efficient way of connecting the different electrical components.  As a result, 
it is up to the designer to intelligently place or rotate components in a way that 
the routing paths can be as short as possible.  Shorter routes tend to have less 
electrical noise or interference, while longer routes run into other problems; like 
potential overlaps.  On most PCBs, there is also a power grid plane.  We used 
this power-grid plane in order to step down and step up voltages in order to 
connect to various sensors.  
 
A buck converter works by using a diode, an inductor, a capacitor to ensure that 
DC power is appropriately converted to the levels we need.   When the switch is 
closed, current flows from the main power source, into the inductor and 
capacitor.  The capacitor storages the voltage level in a non-volatile state so it 
can be used as a power source even when the switch is open.  
 
The inductor prevents any sudden changes in current, due to it's nature, and 
filters out any large current spikes, proportional to the equation Z = Ls, where Z 
represents impedance.  The inductor also increases voltage, which proportionally 
decreases current, allowing for a safer subsystem.   
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The diode serves as a negative feedback loop for any leftover voltage spikes and 
also ensures that the current can only flow in one direction, maintaining the 
functionality of the electronics, as shown below.  The diode has a voltage drop of 
0.7 Volts, which will also help with the power conversions. The capacitor has an 
impedance proportional to the equation Z = 1/Cs, and since V=IR, when 
capacitance increases with a constant voltage, current drawn also increases.   
 
Within each of these equations, the s domain represents the laplace transform of 
each impedance.  Although there are many off-the-shelf voltage regulators, we 
chose to use the TPS62135 Texas Instruments Reference Design [43] 
 
, giving us the flexibility to change voltage conversion levels, as needed.   If we 
had created this circuit from scratch and custom designed a buck converter, this 
printed circuit board would have at best 65% efficiency due to heat loss and 
custom components, along with a much higher risks of circuit failure and 
component breakage. 
 
Therefore, we have decided to use this reference design from Texas Instruments 
(TI) in order to use an efficient buck converter that will suit our voltage range and 
needs. Since we have only a limited amount of time to connect these 
subsystems, we decided to use this reference design as a starting point and then 
modify it as needed.  Most likely, there shouldn’t be too much we will change 
about it, but it’s important that we understand it’s functionality should a system 
failure occur. 
 
Texas Instruments graciously provides schematic files and board layout files, 
along with a parts list of which components are necessary for the printed circuit 
board.  However, these files require a particular software called Ultra Librarian.  
This software should contain functionality to convert board files to EagleCAD, but 
if this is not possible, we will use Ultra Librarian instead for board layout and 
other files. 

 
We plan to order several printed circuit boards, as a backup plan in case one of 
them gets fried.  Considering this printed circuit board was mounted on a drone 
that was colliding with other objects, we must take into consideration the 
possibilities of physical circuit damage, weather conditions, and other risk factors. 
 
Eventually, we may change or add to the schematic to include a transistor to turn 
on and off the master central voltage source (our battery).  This would give us 
much more flexibility to control when power is used, and we would be able to 
separate the subsystems, and create ‘master’ voltage lines that can power 
multiple circuits in parallel.   
 
To ensure that the circuit is properly designed, we were reaching out to several 
electronics mentors to determine the risks involved in a circuit like the one in 
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Figure 9 and any problems were resolved in a timely manner.  The load is 
connected in parallel because the capacitor stores up charge, and voltages in 
parallel stay constant.  When the load is connected, the capacitor begins to 
discharge, which acts as a power source for the load.   
 
This allows us to control the voltage levels depending on the value of the 
capacitor we use, and we may be able to use multiple pcbs to achieve a variety 
of voltage levels that we need for our components, using a variety of reference 
designs.  Below is the particular schematic that we will use to convert a 12 DC 
Voltage to 5.1 Volts with 3 amps of current.  We need a flexible voltage range 
that will allow us to work with multiple types of batteries in case we have 
additional voltage conversion requirements within new components that we add. 
 

5.2.1 Buck Converter Schematic 
 
Unfortunately, our buck converter circuit was subject to change within the next 
few months due to UCF’s limitations.  UCF will not allow us to purchase batteries 
or other components from various websites, and many of our power supply was 
originally going to be from HobbyKing.  As a result, we have spent significant 
extra time trying to find a quality battery that would be compatible with our 
quadcopter and also would fit the context of a buck converter.  These unclear 
requirements have been a challenge to overcome, and we are still collaborating 
to find a solution.    
 
The battery we decided to use is three times more expensive on Amazon than 
from HobbyKing, and since we are trying to reduce our budget to make room for 
more significant components, this is one roadblock.  Fortunately, the exact 
voltages and currents from any battery we get will have a range of values.  
Initially, we wanted to use the schematic shown in Figure 9. However, given the 
large quantity of soldering components involved, we have decided to pursue a 
complex chip that uses a similar functionality, shown in Figure 10. 
 
This is quite a broad range of voltages, and there should be a quality battery able 
to meet these expectations on Amazon.  We have been collaborating with the 
Mechanical teams as well to ensure that we don’t exceed certain weight values. 
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Figure 9:  A Buck converter uses diodes to prevent voltage spikes, inductors to 
prevent current spikes, and a capacitor to store the necessary voltages.  Since 
any type of power management circuit is very sensitive to noise, careful 
precautions must be taken in dealing with it.  This signal noise is effectively 
cancelled out in the schematic above, because of several capacitors to store the 
different states, along with diodes to prevent sudden voltage spikes.  In general, 
this is considered a multi-stage buck converter.  Due to the large quantities of 
small components and the complexity of a circuit, we decided to use the simpler 
circuit below in Figure 10 instead for our conversion needs. [44]  Reprinted with 
permission from Nate Enos - Public Domain 
 



 
 

EEL-4914 Robocopters Project 
 

 
 

49 

 
 
 
Figure 10: Finalized Schematic - We decided to use a simpler design for our 
printed circuit board in order to mitigate risks, have a higher efficiency circuit, and 
reduce the risks of error.  We have received verbal permission to use this 
particular reference design, and it is also publicly available for anyone to use.  
This is our finalized printed circuit board schematic.  Reprinted with permission 
from Nate Enos - Public Domain 
 
The circuit shown in Figure 10 includes: 

● Input Voltage Range: 3 V to 17 V 
● Output Voltage Accuracy ± 1% (PWM mode) 
● Quiescent Current 18 µA Typ 
● Output Voltage from 0.8 V to 12 V 
● Adjustable Soft-Start 
● Maximum Output Current of 4 amps 

 
 

5.2.2  Buck Converter Board Layout and 
Routing 
 
Rather than soldering on all of the small, individual pieces onto the printed circuit 
board, we bought a TI buck converter chips (‘black boxes’) which we can then 
solder onto our printed circuit board. In particular, we used the TPS62135 chip 
that will allow us to use a broad range of input and output voltages, to give us 
more flexibility.  
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Our team has enough soldering experience that we feel comfortable with 
soldering on these small individual components, although we will definitely 
consider all of our options for the purpose of minimizing risks.  We may be able 
to find a company that can solder our components on during PCB production, 
which would certainly ensure a stronger connection.  We plan to order at least 10 
printed circuit boards in order to mitigate risks of board failure.   
 
We plan to use 4pcb to create and assemble the printed circuit board, but due to 
the nature of the design, we will route the traces ourselves.   Having the 
components directly connected with copper traces was a lot sturdier than hand 
soldering.  Fortunately, Texas Instruments offers samples of parts and even 
ships for free as well.  We will order these parts in advance to ensure that there 
is enough time for delivery.  The board layout was updated based on our battery 
requirements - which included powering the Pixhawk and the TX1.  Despite some 
red tape, we made substantial progress on this printed circuit board, and the 
schematic above was our finalized design.   
 

5.2.3 Buck Converter Parts List 
 
The parts listed below are a collection of all parts needed for our printed circuit 
board, along with the parts that are included in each ‘black box’.  Whether we will 
individually solder these components onto the PCB or find a chip that includes 
these sub-circuits to solder onto our PCB has yet to be determined.  
 
We needed to customize our circuit to fit the needs of the quadcopter, so 
flexibility is a must.  As a result, individual soldering is not a bad plan, and it 
might give us the flexibility to fix specific components should anything go wrong. 
 
Since burning out transistors or chips is a serious possibility, we will definitely 
order spare parts (extra chips) that could be switched out upon circuit failure.  We 
don’t expect many of these errors to occur, but we will plan for them nonetheless.  
Our design is as finalized as it can be - given our constraints with ordering parts 
within UCF, and our knowledge of the Mechanical and Aerospace team’s 
progress.  We used these uncertainties to find a design for a printed circuit board 
that would be flexible enough to fit the needs of each subsystem present on the 
quadcopter. 
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Figure 11:  We used the TPS62135 reference design along with the above parts 
list to create our printed circuit board with the voltage and current flexibilities that 
we need.  This chip comes with a built-in power save mode to maximize 
efficiency and minimize heat loss, and will definitely come in handy given the 
outdoor constraints of the competition.  Reprinted with permission from Nate 
Enos - Public Domain 
 
By reducing the number of required parts, as shown in Figure 11, we will have a 
more straightforward approach to creating our PCB and this will minimize 
electronics risks and allow us to create an effective and efficient design.  
According to Webbench, an online tool that searches for Texas Instruments 
reference designs, this design will likely cost $1.65 for each board, and will have 
78% efficiency.  These standards are more than enough for powering our 
quadcopter, and the output current of this converter was optimal to power both a 
microcontroller and a flight controller.  
 

5.2.4  Alternatives 
  
We have several alternative choices if anything should go wrong with our 
finalized schematic.  We plan to order the TPS565208 [45] step down voltage 
regulator to allow us to have the flexibilities with soldering if anything goes wrong 
with using 4pcb to create and assembly our printed circuit board.  By having this 
regulator as a backup, we can make sure that anything that might go wrong is 
properly accounted for.  This is listed in Figure 12 below.  
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Figure 12a: The TPS565208 Voltage regulator can take in an input voltage of 
4.5 volts to 17 volts, and output a voltage between 0.76 and 7 volts, with an 
output current of 5 amps.  If anything should go wrong with the TPS62135, then 
we will use this as a backup plan and hand-solder it onto the printed circuit 
board.  
 
Our backup plan will include the schematic listed below, in Figure 12b.  We plan 
to use this backup in the case of component failure, printed circuit board 
assembly failure, and other risks.  

 
Figure 12b:  This schematic was used as a backup plan in case anything goes 
wrong.  This component differs from the main choice, because this component 
includes leads that can be hand-soldered on.  Certainly, hand soldering is not 
ideal, and this is not our first choice, but these components was used as a 
backup plan or a spare printed circuit board to make sure everything operates 
according to plan.  Reprinted with permission from Nate Enos - Public Domain. 
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5.3. Tradeoffs Between Various Drone Starter 
Kits 

 
Throughout our research and correspondence with our various mentors, 
including Leu Glaros, we quickly realized that it would be unfeasible to create a 
quadcopter drone from scratch. As a result, we researched the differences 
between specific quadcopter starter kits, in order to determine which one would 
be ideal for us to use.  We decided that we need a drone that has a somewhat 
large frame in order to support the sensor circuitry.  
 
Furthermore, we realized that we needed a quadcopter that is compatible with 
different types of flight controllers, like pixhawk and ardupilot, as noted in 
Section 5.4.  Alternatively, we also compared drones that come with an on-board 
Software Development Kit (SDK) so we don’t need to connect additional flight 
controller components ourselves. 
 
We decided that although the DJI Flame Wheel F450 ARF kit would provide us 
with pretty much everything we need in a starter kit, the amount and quality of the 
provided parts are simply not worth the 500$ price.  Fortunately, one member of 
our group found a sale online that would allow us to purchase it at only $250, so 
we decided to compare other quadcopters to this model to determine the 
cheapest and best quality quadcopter. 
 
Initially, we wanted to use the the DIY F550 Hexacopter Pixhawk Flight Control 
NEO-7M GPS Simonk 30A ESC 2212 Motor Kit, pictured in Figure 13 below, 
since it was a study Hexacopter that would be compatible with the Pixhawk flight 
controller and also allow us to save money on the prototype test drone.  
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Figure 13:  DIY F550 Hexacopter Pixhawk Flight Control NEO-7M GPS Simonk 

30A ESC 2212 Motor Kit [46] 
 
 
This hexacopter comes completely unassembled, and it only costs $170.    This 
kit also comes with a GPS Module and a Pixhawk Mountable Case, which can 
help us mount the flight controller easily.    However, this is a Hexacopter rather 
than a quadcopter, and we would have to do extra testing to ensure that the 
hexacopter would be compatible with our finalized quadcopter. 
 
Given these constraints, we decided to go with a similar choice, but from DJI - a 
reputable drone company.   This test prototype is known as the DJI Flame Wheel 
F450 ARF Kit, pictured in Figure 14 below.  This kit has the advantage of 
integrable parts that are guaranteed to work within any DJI kit, and it comes with 
everything we need including the frame, motors, and propellers.   This kit has the 
advantage when compared to the other kit, because it is a quadcopter and will 
likely be easier to reconnect our software and hardware components to the 
finalized kit, and it is also from a reputable company with efficient and powerful 
parts (like the motors).  We compared this kit with several other quadcopter 
starter kits, but none of them were able to meet our 200$ prototype price point for 
the included components.  All of the other starter kits that we researched either 
came with more sensors than we needed, or were not the right size, or seemed 
to include weak components. 
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Figure 14: DJI Flame Wheel F450 ARF [1] 

 
 
Since the only available drones that come with a Software Development Kit 
onboard were premade fully assembled drones, we opted to use instead a 
separate flight controller to control the electronic speed of the motors 
accordingly.  Using a separate flight controller will give us greater flexibility for 
making basic hardware modifications, and we can quickly fix something if 
anything goes wrong. 

 
5.4. Trade-offs Between Flight Controllers 
 
The flight controller is an integral part of our quadcopter. In general, quadcopters 
are not very stable, and even a slight imbalance between the propellers can 
cause the quadcopter to lose its stability and crash to the ground. The main 
purpose of the flight controller is to help keep the quadcopter airborne and stable 
in the air. It does this by making adjustments every millisecond to the four 
motors, so that one motor does not provide more lift than the other and cause the 
quad to tilt and fall.  
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Various flight controllers, even though they use similar hardware, have very 
different onboard software, which is the main differentiator. There are many flight 
controllers currently in the market, each built to serve different needs and goals. 
For example, some controllers are suited for shooting quality FPV video, while 
others are suited for racing or autonomous flight.  There is not one flight 
controller that can be used for all applications. For our case, we will need a flight 
controller that is suitable for autonomous flight. 
  
We are considering a variety of factors when trying to decide which flight 
controller will be suitable for our project. We are considering factors such as 
price, sensors included on the board, features that the controller supports 
(examples for our case include autonomous flight, data telemetry, waypoint 
flying), and how easy it is to setup and program. [47] Below are some examples:  
 
ArduPilot Mega 2.8 
 

● Based on Arduino and supports a multitude of sensors 
● Supports GPS, autonomous flight, telemetry, flight logs 
● Sensors included are Inertial Measurement Unit, 3 axis gyrometer, 3 axis 

magnetometer, barometer, and compass 
● Uses an 8-bit microcontroller 
● Has 4 MB of memory for data-logging 
● Comes with open source autopilot firmware and ground control software 

(Mission Planner) 
● Mission Planner runs on the PC, and allows the user to load the firmware 

on the board, map out missions and track the drone on the map 
● Relatively cheap, costing around $50 

[48] 
 
Eagle Tree Vector 
 

● Has a 32-bit microcontroller 
● Includes GPS, Magnetometer, and current sensor 
● One of the main features is that it has a built-in On Screen Display for 

First-Person Video 
○ This can be very useful for our project as one of the requirements is 

to show the judges flight     characteristics and enemy detection on 
the FPV 

● Many GPS control modes are supported: 
○ There is a Return to Home mode, where the drone will return to a 

preprogrammed base 
○ There is a GeoFence mode which lets the user program a 

maximum height and distance that the drone cannot exceed. This 
can be really useful for our project as we have a 40ft by 40ft by 40ft 
restriction 
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○ Another mode is the Loiter which allows the user to hold the current 
position using the GPS and altimeter 

● Easy for receivers to connect to the Vector using connectors 
● There is a current sensor and wiring harness which allow an easier way to 

distribute power and connect equipment 
● Vector comes with PC setup software 

○ Software supports data logging, planning missions via waypoints, 
telemetry, sensor setup and more 

○ Relatively pricey, costing around $240 
  
Pixhawk 
 

● Ideal for autonomous missions 
● Contains 32-bit microprocessor 
● Runs NuttX real-time operating system 
● Contains 256 KB of RAM, 2MB of Flash, and 32-bit backup co-processor 
● Sensors included are a 3 axis gyroscope, accelerometer, and compass, a 

barometric pressure sensor, and voltage and current sensor for battery 
health check 

● There are available connections for GPS units 
● Many I/O ports including PVM, UART, CAN , RSSI, I2C, USB 
● Compatible with multiple open-source ground station control software 

such as Mission Planner from Ardupilot or Qgroundcontrol 
● One of the drawbacks of this flight controller is that it is no longer available 

in the market, however there are clone options available for purchase. 
 
Pixhawk Mini 
 

● Made by the creator of Pixhawk and 1/3 the size of the original Pixhawk 
● Improved Inertial Measurement Unit which provides better flight 

stabilization 
● GPS module included 
● Improved processor which causes the Pixhawk Mini to operate at 50% 

compute capacity compared to Pixhawk’s 90% 
○ Allows the user to have more freedom to add customized flight 

control algorithms based on his/her need 
● Some drawbacks include: 

○ Not compatible with Ardupilot open source software 
○ Has less I/O ports compared to the original Pixhawk 
○ Costs around $230 

 
Pixhawk 2.1 
 

● Has a modular design and weighs about 75 grams 
○ Design consists of a Cube and a separate carrier board 
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○ Cube holds the Inertial Measurement Unit and it deals with 
controlling the drone and keeping it stable via the inputs received 
from the carrier board 

● One of the interesting features is the advanced Inertial Measurement Unit 
○ Dampened IMU which causes less vibrations, and therefore 

provides accurate sensor readings 
○ Contains a thermal resistor which allows it operate in many 

temperature ranges 
○ Able to support up to 3 GPS modules 

● Many sensors included on board 
○ 3 triple axis accelerometers, gyroscopes and magnetometers and 2 

barometers 
● A variety of I/O ports are included such as servo outputs, R/C inputs, I2C 

ports, telemetry ports, and general purpose serial ports 
● Battery-backed SRAM and clocks included on the board, which prevent 

memory loss in case of unexpected power loss 
● Processor is a 32-bit ARM Cortex M4 core and there is a 32-bit co-

processor as well 
● Contains 2MB of flash storage, 256 KB of RAM, 16KB of FRAM 
● One version comes with the Intel Edison 

○ Edison is a dual core atom processor 
○ Really helpful for computer vision and flight control algorithms 
○ Capable of running linux, controlling cameras, and sending data to 

ground stations 
● Compatible with free open – source Ardupilot software or the 

Qgroundcontrol software 
● Users can use this software on a PC/tablet and connect to the flight 

controller using telemetry radio 
● Costs around $330 
● The Pixhawk 2.1, pictured in Figure 15 comes with open source control 

system software that would allow us to change the hardware for virtually 
any aspect of our drone.   

● Many online resources for learning to use Pixhawk 2.1 are available 
online, along with effective customer service. 

[49] 
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Figure 15:  Pixhawk 2 Flight Controller [50] 

 
Navio2 
 

● 77 g Raspberry Pi autopilot 
● Features a Raspberry Pi 3 with a 1.2 GHz 64-bit ARM CPU 
● Contains 1GB of RAM 
● Sensors included are a dual IMU( which provides more reliable flight and 

stabilization), a barometer, GPS, a I/O co-processor, and voltage/current 
sensing 

● I/O ports include UART, I2C, and PVM 
● Comes with ArduPilot software and ROS already installed 

○ ROS is a software which helps with developing software for robots 
using preprogrammed actions 

● Capable of transferring video to ground stations and video/ telemetry data 
can be accessed using 3G/LTE or WiFi 

● Cost of Navio2 is around $168 
 
 Our final decision regarding flight controller hardware and software is to 
use the original Pixhawk so we can flexibly change hardware on the drone 
without completely reprogramming the software.  Pixhawk includes built-in 
control system software that is entirely programmable and autonomous, so it is 
compatible with virtually any motor or propellor or related sensors.  This, in turn, 
gives the mechanical and aerospace teams the flexibility they need to complete 
the hardware tradeoffs, and it might also give us a software advantage within our 
system.  Our systems might fail when hardware malfunctions, but our control 
system will still somewhat work even if a motor burns out or a sensor breaks from 
a collision.  Given the nature of this competition, this could mean the difference 
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between a successful system, and a system that fails to meet the basic 
requirements.   
 
Since the differences between Pixhawk and Pixhawk 2.1 are relatively minimal, 
but Pixhawk 2.1 is 200$ more expensive, we decided to go with the cheaper 
option.  Furthermore, Pixhawk 2.1 is a relatively new product that does not have 
a large consumer base yet, and there are far more online tutorials about how to 
use the original Pixhawk.  Although there are slight improvements primarily 
regarding heat and power consumption, these are not factors that our project is 
bound by, so we decided to use the product with more available resources to use 
the extra money elsewhere in the project. [51] 
 
 
Flight Controller Sensors 
 
In addition to the flight controller, sensors such as the gyroscope, accelerometer, 
and Inertial Measurement Unit are important and the reason that a drone is able 
to remain stable during flight. The flight controller uses data provided by these 
sensors and flight code to determine how to navigate and position the drone so 
that it is able to have a stable and clean flight. The success of object detection 
and collision avoidance algorithms depends on the accuracy of these sensors 
and the ability of the flight controller to keep the drone stable. For example, if 
these sensors are not reliable the drone will not be able to remain still in the air 
and this will negatively impact the video that is being captured by the on-board 
camera. Below are some of the advantages and disadvantages of the sensors. 
[52] 
  
Gyroscope 
Gyroscopes are necessary in order for the drone to remain stable during flight. 
While the drone is in the air it is affected by many forces, an example is wind, 
and these can affect the drone’s orientation and pitch, yaw, and roll. Gyroscopes 
can sense changes in the drone’s orientation instantaneously and the flight 
controller can readjust the position based on the readings so that the drone 
remains stable. Adjustments are made every hundredth of a second and help the 
drone to resist the forces around it. Gyroscopes basically measure rotation rate 
in degrees per second around 3 axes, however the measurements can be a little 
off as they can be affected by drift. If there is no change in roll, pitch, or yaw 
gyroscope readings should be zero and the drone should maintain its current 
position. [53] 
  
Accelerometer 
Accelerometers give acceleration readings for the drone’s 3 axes, and can 
determine the position and orientation of the drone relative to the earth’s surface 
and gravity. The accelerations readings can make the drone aware of direction in 
a way that it is able to tell the difference between up and down and what its 
current height is. The position of the drone can be mapped by integrating the 
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acceleration data. Accelerometers sense changes in position by measuring the 
changes in the electrical current moving through the circuit in the accelerometer, 
or by measuring the changes between gas molecules in the circuit. 
Accelerometers are sensitive to vibrations and for this reason the data measured 
can be affected negatively. Together with gyroscopes, the tilt angle and direction 
of the drone can measured and the combinations of these sensors can provide a 
great stabilization system for the drone. [54] 
  
Magnetometer 
Magnetometers are sensors which measure the strength and direction of the 
magnetic field of the Earth. From this information, they are able to determine in 
which direction the drone is heading. They are in a sense a compass for the 
drone. One of the disadvantages of the magnetometer is that the readings can 
be thrown off if is place near other magnetic field sources nearby such as motors 
or objects made from metal. 
  
Inertial Measurement Unit 
The Inertial Measurement Unit is basically a device which contains a multi-axis 
accelerometer, gyroscope, and magnetometer. They use these sensors to 
measure the drone’s acceleration, velocity, and position. Inertial Measurement 
Units help to navigate the drone on the correct flight path. [55] 
 
 
 

6.0 Software Design Details 
 
We decided to use the agile and phased development approach to software 
development.  We started with a basic version of the final product, and 
incrementally added different functions and classes to it.  This approach allowed 
us to distribute the work more efficiently, and allowed us to work towards a 
common goal.  This iterative process both organized and ensured that all 
software basic requirements were met. These requirements were including but 
not limited to, object detection algorithms, autonomous flight software strategies, 
and obstacle avoidance.  This approach was well suited for larger teams, and 
allowed us to keep a consistent approach to software that was flexible enough to 
change if we needed to change the hardware on a moment's notice.  
 
Even if we needed to replace the hardware, due to motor failures, sensor 
failures, or other failures, we simply changed specific functions within our code to 
solve the problem and to recalibrate our device.  Due to the fact that we were 
working with three other teams within engineering, we needed to collaborate with 
many different people before any major decisions were made.   
 
Relevant terminology: 
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SDK: Software Development Kit  
OpenCV: Open Source Computer Vision 
SPI: Serial Peripheral Interface 
I2C: Inter-Integrated Circuit 
 
 6.1. Object Detection Algorithms 
 
The computer science team will primarily be in charge of object detection 
algorithms within OpenCV.  We will help them learn OpenCV and realize the 
different algorithms, and work together with them in order to make sure that our 
system can operate completely autonomously.  
 
While they learn OpenCV, our team will explore various cameras that are already 
integrated with object detection.  For example, we ordered a camera called Pixy 
Camera, and we were testing and adjusting the software within this camera to 
allow us to recognize a drone.  Pixy Camera is fully integratable with Arduino, 
Raspberry Pi, and any other microcontrollers.  If we decide to use this product to 
do our object detection, then we can merge our programs with the Raspberry pi 
that the Computer Science team is using to test their OpenCV knowledge.   
 
Perhaps we can combine all of these things to communicate and send data and 
object detection from Pixy Camera to the Raspberry Pi, where OpenCV can then 
use the processing power of the Raspberry Pi to determine whether or not a false 
positive is present.  Alternatively, Pixy Camera may entirely replace OpenCV and 
allow us to program the object detection more efficiently based on neural 
networks.  Pixy Camera is completely customizable, allowing you to teach the 
camera to recognize various objects, including faces, boxes, animals, or in our 
case, drones.  We believe this is a decent option for now, and we were testing 
this camera against other cameras to see how they fare. 
 
Pixy Camera is cross platform, low cost, and mechanically mountable.  It 
includes screws and a tilt kit, although we will most likely mount it directly to the 
drone to prevent the risks of broken cameras.  As a result, we will need to 
change our software search strategy accordingly, like rotating the drone to scan 
the area and achieve a full 360 degree view. 
 
Pixy Camera communicates using SPI, I2C, UART, USB, and analog/digital 
output, which should work perfectly with our microcontrollers.  In order to prevent 
security risks and minimize signal noise interference, we will use SPI to 
communicate with Pixy Camera on the Raspberry Pi.  SPI (Serial Peripheral 
Interface) has the advantage that every input or output device has it’s own 
addressable voltage line, so there is less risk that data is received from the 
wrong transmitter. 
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It should also be noted that cameras perceive colors differently than the way the 
human eye perceives the same colors.  Human vision cannot accurately discern 
the true color of an object, particularly when a color is surrounded by other dark 
colors versus when a color is surrounded by other light colors.  In order to 
measure the absolute, “real” color values of an object, the Red Green Blue 
(RGB) color coding system should be used to store the color data.  

 
However, representing color in a format which is representative of how the 
human eye perceives the colors is very difficult.  Rather than trying to create a 
sensor that operates like the human eye, the Hue Saturation Value (HSV) color 
coding scale is used instead.  The crux of our drone project is the detection of 
other prey drones and the obstacles throughout the challenge course.  In order to 
perform these tasks, there is little to no apparent need to take into consideration 
how the human eye might need to perceive the color of a prey drone or the color 
of the obstacles in the challenge course.  Therefore, the drone should utilize the 
absolute color values and the RGB color coding scheme, to compare and 
contrast the colors of the objects it detects.  This ensures that the colors of the 
objects are consistently represented in a form that our drone can understand. 
 
Unfortunately, there are limitations to consider with the camera technology, 
however.  Consider, for instance, the difference in camera footage from a bright 
and sunny day versus the camera footage collected during a day when there is 
an overcast and the Sun is not directly visible.  The same object recorded during 
a bright and sunny day might return a recorded color value which is very different 
from the color value which would be recorded from the same object during a day 
in which the skies are gray and there is an overcast.  This dilemma presents a 
particularly challenging problem, the solution for which is present in nearly all cell 
phone camera applications today.   

 
Switching the color value recording scheme to HSV will not solve the issue, but 
adjusting the overall brightness and image characteristics of the entire image 
may help.  This is why most cell phone cameras today automatically adjust the 
brightness of the photo in an attempt to avoid taking photos which are too white-
washed by the bright sun, or are too dimmed by low lighting environments.  This 
can be achieved via the use of a light detecting diode to estimate the overall 
ambiance of light which is present in the environment at the time.  The higher the 
voltage returned by the light detecting diode, the brighter it must be in the 
environment.  Many web-cameras and CCTV cameras today also have this 
simple technology built in to adapt the camera footage for bright or dim 
environments.  This feature may prove vital to the design of our drone, especially 
if the object detecting algorithm employed in the final design heavily relies upon 
the perceived color of the object in question. 

 
Alternatively, we could create a range of color values that the drone uses to 
detect other enemy drones.  This range, ideally, would be wide enough to 
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support each enemy drone, without registering the external objects in the 
environment. 
 
In order to create efficient object detection algorithms, our primary focus is to use 
OpenCV.  The Open Source Computer Vision Library (OpenCV) is a collection of 
computer vision and object detection libraries which are continually being 
developed and made available to the public free of charge under a Berkeley 
Software Distribution (BSD) license.  With over 2500 algorithms, OpenCV is an 
incredibly powerful computer vision tool which has been downloaded over 14 
million times. [56]  The libraries contained within OpenCV can be used with a 
variety of languages including Python, C, C++, and Java.  OpenCV is compatible 
with a variety of operating systems, among which are Mac OS, Windows, 
Android, and various Linux distributions.  

 
For our drone project, we will likely be utilizing a Raspberry Pi 3 Model B running 
Raspbian Stretch LITE, pictured in Figure 16 below, a Debian-based Linux 
distribution.  Creating highly efficient code which requires very little system 
resources was key to the effectiveness of our object recognition software as well 
as to the battery life of the drone.  It would therefore be wise to avoid using 
Python as the language of choice, since the code is compiled at run time.  Java 
could be more efficient, but the requirement of the Java Runtime Environment 
(JRE) to run the Java program could incur a notable overhead on system 
resources in contrast to C or C++.  While it may be most efficient to use strict 
C99 standard of the C programming language, this could greatly increase the 
difficulty of programming the drone since the C language does not include such 
useful features as lists.  The C++ programming language, however, offers many 
of the highly useful features which are included in Java, also an Object Oriented 
Programming (OOP) language.  Moreover the many of the OpenCV tutorials 
available online tend to be written in the C++ language, perhaps indicating that 
the C++ language is indeed the best choice in  most cases. 
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Figure 16:  Raspbian Stretch LITE Linux Operating System, No GUI [57] 

 
With such a notable design decision at stake, the choice of which programming 
language to utilize should be decided upon with great care.  It would, after all, be 
quite problematic to discover halfway through coding the program for the drone 
that it is necessary to switch to a different programming language for the project.  
The incredible work accumulated under a collection known as “The Computer 
Language Benchmarks Game” compares the runtime performance of 28 different 
programming languages by utilizing a variety of benchmarks. [58]  Upon 
collecting and analyzing the benchmark data provided by The Computer 
Language Benchmarks Game, we constructed a visual summary as represented 
in the chart below. 
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Figure 17:  Time Required for Various Programming Languages to Complete 
Benchmarks Based Upon Data Provided by The Computer Language 
Benchmarks Game [58] 
 
As can be seen in the chart above, Python 3 programming language required 
more time than any of the other languages to complete the benchmarks.  C 
programming language performed each of the 6 benchmarks the fastest, closely 
followed by C++, then by Java.  This data provided by The Computer Language 
Benchmarks Game reinforces earlier speculation that C would be the fastest 
language of choice, followed by C++, Java, and Python in that order.   

 
Since the difference in time to complete the benchmarks does not vary greatly 
between C and C++, it would seem that C++ shall indeed be the language of 
choice since it would allow OOP features and appears to be the most widely 
used language with the OpenCV libraries.  The resulting platform characteristics 
are therefore Raspbian Stretch LITE Linux operating system running a C++ 
program to call the OpenCV libraries and algorithms. 
 
TensorFlow is an objection recognition API created by the Google Brain Team.  
Their work was entered into the Common Objects in Contesxt (COCO) 
competition, winning 1st place.  Google then made TensorFlow open source 
software which continues to be developed to this day.  Unique features of the 
TensorFlow API is the ability to not only recognize objects, but to estimate the 
amount of certainty the program has that the object in question is indeed the 
object it thinks it is.  For example, if TensorFlow is utilized to identify kites in the 
air, then TensorFlow can overlay the image with a colored box and display a 
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percentage next to the box which estimates how certain TensorFlow is that the 
object within the colored box is indeed a kite, and not, for example, a seagull.   
 
While TensorFlow is being made compatible with a wider variety of languages, 
the vast majority of the TensorFlow library remains compatible primarily only with 
the Python programming language. [59]  As demonstrated in Figure 17 above 
summarizing benchmark data of various programming languages, Python would 
be a poor choice as it required notably longer amounts of time to complete the 
benchmarks than did the C, C++, or Java programming languages.  The design 
decision is therefore to continue forward with OpenCV as the primary open-
source for object detection libraries. 
 
MATLAB is also capable of performing computer vision algorithms and 
performing various forms of object detection, by utilizing MATLAB add-ons such 
as the Computer Vision System Toolbox. This approach could prove to be 
particularly problematic since MATLAB itself is quite resource intensive.  
Moreover, neither MATLAB nor the Computer Vision System Toolbox are free of 
charge.  The price of MATLAB student edition is $99 and the Computer Vision 
System Toolbox has no mention of a price, requiring that purchasing of the add-
on be performed through a phone call to a sales assistant for a quote.   
 
Even if the Computer Vision System Toolbox were instead to be free, then 
MATLAB would still be a poor choice for the computer vision functionality of the 
drone, considering the amount of system resources MATLAB would consume 
and that MATLAB costs $99 at the discounted student rate.  Considering that 
OpenCV can perform the same object detection algorithms, is completely free, 
and is far more efficient, then it is therefore necessary to rule out MATLAB as a 
possible solution and to instead remain with OpenCV as the choice for providing 
computer vision functionality to the drone. 
 
While OpenCV is can provide a great deal of assistance in enabling our drone to 
recognize objects, OpenCV is not necessarily adequate for achieving 3D 
computer vision.  For this, the Kinect SDK by Microsoft Corporation is to be 
evaluated.  Designed for use with the XBox 360 video game console, the Kinect 
device emits infrared light and uses a camera to measure the distance of the 
infrared light from each pixel of the camera sensor.  This process creates a 3D 
image of the environment and can detect movement within the environment.  In 
the context of this project, consideration has been given to the possibility of 
connecting a Kinect device to the drone in order to provide more accurate 
models of the objects in front of the drone.   

 
A more accurate model could prove to be vital to dodging obstacles within the 
arena, especially if those obstacles are swaying to and fro in the wind.  The 
process of using a Kinect to map the surrounding environment has been utilized 
by a team of researchers at MIT. [60]  Their tests produced accurate and visually 
similar 3D maps of the room in which the drone was flying.  Utilizing a Kinect to 
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create a static 3D map of the environment could be useful for our drone to have 
the positions of all of the obstacles memorized.  With a prior knowledge of the 
environment, the drone may be able to quickly navigate the course, anticipating 
the obstacles which lie ahead before it sees those obstacles again.  This would 
likely require a fair amount of processing time at the beginning of the contest.  

 
To generate the static 3D replica of the environment and the obstacles therein, 
the drone would have to traverse the entirety of the course and process all of the 
information collected.  The system resources required to perform this feat would 
be far too great for the Raspberry Pi 3 Model B, especially considering that the 
Raspberry Pi would also still need to be continuously running programs for flight 
stability and for hunting down prey drones.   
 
This problem could be circumvented if additional processing power was provided 
by a stationary ground computer which receives and transmits 3D imaging data 
to and from the drone.  Implementing this solution, however, could be quite 
challenging and introduce a potentially problematic level of complexity to the 
project.  The design decision is thus not to use the Kinect device or SDK, but to 
instead rely upon other methods for generating 3D models of the surrounding 
environment to avoid obstacles. 
 
With the computer vision software library of choice as OpenCV, it is therefore 
important to better understand the role in which matrix operations will factor into 
the project.  The Raspberry Pi 3 Model B contains 4 cores, each running at a 
default speed of 1.2 GHz.  Utilizing each of these 4 cores, however, will require 
creating a program which is specifically designed to take advantage of the 
additional cores via the use of threading.  If this critical aspect is ignored, then 
the program for the autonomous drone will only be using 1/4th of the potential 
processing power of the Raspberry Pi 3 Model B.   

 
Therefore, we gave analyzed and considered which portions of the program may 
be readily adapted to divide up the processing work of the algorithm across 
multiple cores.  Matrix operations provide a highly promising and simple method 
for achieving this design goal.  Simple, 3 by 3 matrices can be moved across an 
image and basic mathematical operations performed in order to accomplish 
common computer vision and image manipulation tasks such as to scale, rotate, 
translate, detect edges, blur, or sharpen images. 

 
Since this process works by simply methodically moving the matrix across the 
image, it may therefore be quite feasible to implement a computer vision 
algorithm which utilizes the 4 cores of the Raspberry Pi 3 Model B 
simultaneously by dividing the image itself into 4 separate regions to be 
evaluated.  
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For example, the image could be sectioned into 4 horizontal, equally sized 
regions with each core of the CPU immediately assigned to perform matrix 
operations on a separate region of the current image being evaluated.  
Figure 18 below visually illustrates this concept by depicting how an image can 
be divided up into 4 parts, with each part assigned to a different core on the 
Raspberry Pi 3 Model B ARM Cortex-A53 CPU.  The particular matrix operation 
utilized in the figure below is a classic image sharpening matrix.   
 
While the figure below depicts the division of the image as being into 4 horizontal 
sections, the division of the image could be performed in any number of ways.  
For example, the image could be divided into vertical sections or into 4 equally 
sized rectangles affixed to the corners of the image.  Performing a Round Robin 
selection of pixels to assign to the various cores could be problematic, though.  
Matrix operations rely upon looking at the data of neighboring pixels.  If each 
core is assigned to a pixel in a rotating, Round Robin fashion, then the matrix 
operations currently being performed by the 4 cores would be engaged in a race 
condition leading several of the cores to inevitably use old data. 
 
 

 
 
Figure 18:  Achieving Multi-Core Threaded Programming Via Sectioning and 
Matrix Operations 
 
Robot Operating System (ROS) is a set of programming language libraries 
which contain a vast array of functions to perform various robotic tasks.  
Additionally, ROS helps connect the software to the robotic parts the software is 
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attempting to control, such as servos, and motors.  ROS can therefore be viewed 
as the software drivers which are ready to plug-and-play with a wide variety of 
popular parts currently on the market.   
 
This is extremely important since we are not seeking to use an Arduino Uno, a 
microcontroller which has a very well-established array of sensors that are ready 
to plug into the Arduino and be readily compatible with programs written for 
Arduino.  Instead, the drone will likely utilize a Raspberry Pi 3 Model B.  This 
microcontroller does have header pins which could be used for General Purpose 
Input and Output (GPIO), Inter-Integrated Circuit (I2C), and Serial Peripheral 
Interface Bus (SPI).   
 
Utilizing ROS would make it much more feasible to readily interface the drone 
programs running on the Raspberry Pi 3 Model B with the physical, hardware 
components of the drone.  This is a library package we should utilize, especially 
since it is free.  However, if we purchase a drone kit, then there may be little 
need for ROS.  Moreover, if we utilize a drone flight controller such as the 
PixHawk, then that may very well negate the need for ROS since the flight 
controller itself is handling the collection of flight data and the controlling of the 
various components of the autonomous drone. 
 
Based on our research on computer vision software libraries, it is then pertinent 
to deduce which object detection algorithms would be best to utilize.  One of the 
most simple object detection algorithms is the Binary Image Segmentation 
algorithm.  Its functionality is to see the world as only 2 colors.  One of the colors 
is specified to be the color of interest - the color which best represents the object 
the algorithm is seeking to find.  All other colors are typically replaced with the 
color black to denote areas of no interest.  Figure 19 below demonstrates binary 
image segmentation with the color of a banana. 
 

 
Figure 19:  Binary Image Segmentation Applied to the Color of the Banana 

 
The banana in the figure above is clearly identified based solely upon the color 
selected to represent the banana.  However, there are other objects in the photo 
which also have shades of yellow similar to that of the banana.  Notice how the 
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edges of the tangerine fruits and portions of the fried egg are also detected as 
potential objects of interest based upon their similarity in color to the banana.  It 
is clear that while binary image segmentation may be exceedingly simple and 
easy to implement, it is not in and of itself a viable method for employing 
objecting of prey drones or of the obstacles our drone needs to avoid.  
 
The naive nature of this algorithm could lead our drone to ram into people who 
happen to be wearing a shirt or a baseball cap the same color as a typical prey 
drone.  The binary image segmentation algorithm is useful as a stand alone 
algorithm in a narrow range of controlled environments, but it is not an 
appropriate stand alone algorithm for this project.  It may, however, be useful for 
later quickly identifying the types of obstacles based upon their markers placed 
by Lockheed Martin employees.   
 
For example, if a drone has already determined that there is indeed an obstacle 
directly in its path, then it may be the case that the various types of obstacles 
each have their own very distinct primary color.  If it does indeed turn out to be 
the case that obstacles are entirely blue or entirely red, as examples, then the 
binary segmentation algorithm may yet prove to be useful to this project. 
 
The Binary Image Segmentation algorithm functions by examining each pixel and 
determining if its RGB value is less than / equal to, or if it is greater than a set 
RGB value of some significance, such as the color of the banana.  This is a 
relatively efficient algorithm, though we have thought a way to perhaps make it 
even more efficient.  Revisiting the figure above of the delicious breakfast feast, it 
could be noted that it may not be necessary to produce such a detailed image for 
the binary image segmentation version in order to still be able to effectively 
determine the location of the banana within the image.  To further demonstrate 
this point, a lower resolution version of the binary image segmented depicted 
above has been created and is depicted in Figure 20. 
 

 
Figure 20:  Binary Image Segmentation on a Lower Resolution Version of the 
Image 
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Despite drastically varying image resolutions, the location of the banana can still 
be very clearly seen at the lower resolution.  Instead of examining 1,325,184 
pixels (1428 x 928), the binary image segmentation algorithm only needs to 
evaluate 26,600 pixels (200 x 133).  Simply by using a lower resolution version of 
the image the algorithm now only needs to examine approximate 2% of the pixels 
it originally had to evaluate.  This clearly demonstrates that the runtime of the 
binary image segmentation algorithm can be drastically increased merely by 
using a lower resolution image. 
 
There is additional, easy to implement method for reducing the runtime of the 
binary image segmentation algorithm and many other computer vision object 
detection algorithms as well.   
 

 
Figure 21:  Reduced Resolution and Reduced Pixel Sampling 

 
The reduced pixel sampling technique depicted in Figure 21 above also 
demonstrates that the banana may still be clearly identified.  The pixel sampling 
mask used was a 3 by 3 matrix with all pixels defaulted to black, except for the 
bottom-right pixels which remained transparent for sampling the image.  In this 
example, the reduced pixel sampling technique would improve the runtime of the 
binary image segmentation algorithm greatly, reducing the runtime to 1/9th its 
former runtime with only the resolution reduction technique utilized.   

 
Reduced pixel sample may prove to be useful if the camera on the drone is an 
HD camera which cannot be readily modified to output the video at a lower 
resolution.  By sampling only a small portion of the pixels, the effect is very much 
akin to reducing the resolution of the image, except with the added benefit of not 
having any processing overhead to first reduce the resolution of the image.  
Therefore, the techniques of reducing resolution and of reducing pixel sampling 
could prove to be power methods for greatly improving the runtime of the object 
detection algorithms which the drone will utilize.  These two techniques are 
transferrable to many more algorithms than merely the binary image 
segmentation algorithm. 
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Template matching algorithm is a simple method for scanning across an image 
to see if a pre-defined template image is found within the image being analyzed.  
Consider, for example, the Where’s Waldo books, which challenge the reader to 
look at a complex, intricate drawing and attempt to locate the position of a 
cartoon character named Waldo.  Template matching could be used to first read 
an example image, a “template” of what Waldo looks like.  The algorithm would 
then proceed to scan across the entire image, searing  for an arrangement of 
pixels which closely match those seen in the example template of Waldo’s face.  
There are, however, notable limitations to the template matching algorithm.   
 
Consider, for example, if the template image depicts the object in a slightly 
rotated manner in contrast to the position of the object as it appears in the image 
which is to be analyzed.  The template matching algorithm does not account for 
rotation, merely translation.  This severe limitation is evident in Figure 22 below 
which depicts a template image of a drone at a slightly rotated position than the 
position of the drone in the image which is being analyzed.  The template 
matching algorithm failed and mistook a tree-line for a drone. 
 

 
Figure 22:  Template Matching Unable to Account for Rotation [61] 

 
If, however, the template image is taken directly from the picture to be analyzed, 
then the template image algorithm will very reliable locate the position of the 
drone.  Template matching could prove useful for static images with little to no 
rotation distortion, such as reading QR codes.  The prey drones will certainly not 
be holding still.  The computer vision program of our drone must not rely upon 
template matching for identifying prey drones, shown below in Figure 23. 
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However, we may be able to use a similar concept known as neural networks.  
Deep neural networks take a collection of images and analyze the similarities in 
each image to appropriately categorize a particular object.  Potentially, we could 
use some existing neural network tools to feed in lots of photos of drones, and 
accordingly use this analysis to determine whether a real drone is spotted or not.  
This approach used in conjunction with other approaches could be very powerful, 
and there are countless resources online that we could use.  Since Pixy Camera 
does not use neural networks to identify objects, but rather it analyzes color 
hues, we may be able to combine this sensor with other sensors to gain a more 
accurate reading. 
 

 
Figure 23:  Feature Matching Successful When Template is Not Rotated 

 
Histogram color matching is an object recognition technique which determines 
the amount of each color in the images to determine if the two images are likely 
to be similar.  The algorithm is categorized as a Content-Based Image Retrieval 
(CBIR) algorithm, and is astonishingly simplistic in its functionality.   
 
First, a template image is analyzed in its entirety.  Unlike with the template 
matching object recognition algorithm described earlier, the histogram color 
matching object recognition algorithm tends to utilize the entire image as the 
template image, not merely a small portion of the image, as was the case in the 
figures above of the drone cropped out of the remainder of the background.  
Histogram color matching then determines the ranges of colors to utilize.  This 
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phase of the object recognition algorithm is often analogized to placing colors in 
different buckets representing their various ranges.   
 
For example, if a camera can detect the full range of the Red, Green, Blue (RGB) 
color schema, then the camera would be capable of detection up to 2 million 97 
thousand 152 different colors.  However, to generate a histogram with over 2 
million different histogram bars would be wholeheartedly impractical and would 
not be capable of producing useful image comparison.  Note that camera noise 
must also be taken into account since repeatedly taking photos of the exact 
same scene would produce images which inevitably vary slightly from one 
another due to noise within the image, particularly salt and pepper noise. 
 
Therefore, it key to the effectiveness of the histogram color matching algorithm is 
its ability to categorize colors into approximate ranges.  This enables the 
algorithm to be more adaptive to noise within the images.  For example, within a 
given image there may be various shades of blue.  However, these different 
shades of blue would likely not be represented within the histogram.  Instead, all 
of the various shades of blue would be broadly categorized as “blue”.   
 
Similarly, the other prominent colors found within the given image would be 
categorized as general descriptive ranges, such as red, green, yellow, brown, 
etc.  The typical resulting histogram generated from the histogram color matching 
algorithm will include approximately 5 different ranges of colors.  This process is 
achieved by examining each individual pixel within the image to determine its 
color.  The corresponding color “bucket” on the histogram is then incremented by 
1. 
 
Upon generating the various color range histograms for both the template image 
and the image currently to be analyzed, the histogram color matching object 
detection algorithm compares the amount of each color in both of the resulting 
histograms.  This process ultimately produces a number of data-type float or 
double in the range of 0.0 to 1.0.  In this comparison schema, a 0.0 indicates that 
the two images are completely different in regards to the color palettes from 
which the two images are composed.  If the returned value from the comparison 
of the two images is a 1.0, then that would indicate that color palettes from which 
the two images are composed are identical.  In other words, both images contain 
the same amounts of the various colors blue, red, yellow, etc. 
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Figure 24:  Histogram Color Matching Success [62] 

 
One of the primary drawbacks of histogram color matching, however, is the 
negative effect which various lighting environments can have upon the 
effectiveness of the histogram color matching algorithm to produce accurate 
results.  Consider for example, the effect of running the histogram color matching 
algorithm on a template image compared to an image of the exact same scene 
except with a great degree of over-exposure.  
 
While both images would be depicting the exact same scene, the histogram color 
matching algorithm would be unable to detect any similarities since the algorithm 
relies not upon the comparison of features, but upon the amounts of various 
colors within the images analyzed, shown in Figure 24 and Figure 25.  
Therefore, relying upon the histogram color matching algorithm as the exclusive 
means for recognizing the various objects in the course as well as for recognizing 
the prey drones, would be a rather ineffective solution.  The template image of a 
prey drone would be taken in a given setting in which the lighting was at a 
specific level.  
 
However, when the autonomous drone is flying throughout the outdoor obstacle 
course during the competition, the weather may be clear, bright and sunny. 
Conversely, the weather may be cloudy and dark.  These variations in lighting 
levels would produce images which are either lighter or darker than the lighting 
amount present when the template image was taken.  To partially negate the 
effects of different lighting scenarios, it is often the case that a similarity rating of 
0.7 or higher is chosen to represent two images which are likely to be similar.  
This deviation from a perfect score of 1.0 enables the algorithm to partially 
account for not only different lighting scenarios, but also the possibility that the 
object depicted in one image has faded its colors over time due to age or 
weather. 
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Figure 25:  Histogram Color Matching Failure Due to Overexposure 

 
Another notable drawback to relying exclusively upon histogram color matching 
as the primary object detection algorithm for this project, is that the algorithm is 
completely unable to distinguish between two objects which happen to have the 
same amounts of colors.  This presents a much more pressing concern as well.  
 
Consider, for instance, the danger to surrounding observers of the competition if 
the autonomous drone confuses the t-shirt of an individual for a prey drone.  The 
drone would then proceed to charge at the unfortunate individual at full speed, 
anticipating to ram into a prey drone to score points.  As a simple example, 
consider if it is determined that the prey drones used in the competition will be 
bright pink in color.  If a bystander in the audience happens to then wear a bright 
pink t-shirt, then the histogram color matching algorithm would observe the 
individual and determine that the individual must in fact be a prey drone.  Safety 
is of the utmost priority with this project. 
 
We therefore cannot use histogram color matching as the exclusive means by 
which the autonomous drone will recognize objects.  This necessary design 
decision, however, does not exclude the possibility of utilizing the histogram color 
matching algorithm alongside other object recognition algorithms.  There is a 
great advantage to having an algorithm which can reliably recognize similar 
images regardless if if the object being detected has been rotated or is located in 
a different portion of the image frame from the template image.  Known as 
translational distortion, the location of the object to be recognized within the 
image is a problem which many other image recognition algorithms cannot easily 
work around to solve. 
 
While the false positive rate of the histogram color matching algorithm is a great 
concern for the safety of bystanders, the algorithm could be used an initial stage 
detection algorithm before considering running a much more resource-intensive 
object detection algorithm to further ensure the verisimilitude of the image 
comparison. 
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Canny edge detection is an object image detection algorithm which recognizes 
the strongest edges of objects within an image in order to discern shapes and 
lines.  The algorithm seeks to ignore patterns, colors, and subtle features in order 
to focus only on the most prominent edges.  The Canny edge detection algorithm 
has been utilized to identify the outlines of coins in order to count the amount of 
change in a given image.  Recently, the Canny edge detection algorithm has 
been used to analyze images taken from microscopes in order to quickly count 
the number of cells within the image. 
 
To achieve the resulting edge detection of objects within a given image, the 
Canny edge detection algorithm first converts the source image to grayscale in 
order to simplify the image data.  Noise is thereafter removed from the image via 
the application of a significant gaussian blur.  Applying the gaussian blur to the 
image being analyzed also later serves to eliminate faint edges, leaving only 
edges which represent substantial changes from one boundary to another, as is 
depicted in the Figure 26 below.  The gaussian blur can be achieved via the use 
of a matrix operation.  This process can be easily adapted to utilize more than 
one core, becoming a multi-threaded algorithm as is depicted earlier within this 
design document. 
 

 
Figure 26:  Canny Edge Detection Phase 1 Conversion With Gaussian Blur 

 
Having converted the source image to a grayscale version with a gaussian blur 
applied, the Canny edge detection algorithm then produces the initial rough 
estimate of the prominent edges by applying a gradient magnitude mask to the 
image being processed.  This operation produces an image which resembles the 
inverse of the image resulting from the gaussian blur, and also highlights the 
major edges in white.   
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Alternatively, a Y gradient operation could instead be applied to the image to 
more clearly identify edges which run horizontally.  Both possible gradients are 
depicted in Figure 27.  It is also possible to instead apply an X gradient in order 
to more prominently display the edges which tend to run vertically.  Regardless of 
which gradient is chosen, magnitude, Y, or X, the operation will be utilize a matrix 
filter and could therefore be readily adapted to function as a threaded program. 
 

 
Figure 27:  Canny Edge Detection Phase 2 Using Magnitude or Y Gradients 

 
 
The Canny edge detection algorithm is quite resource intensive due to its use of 
multiple steps in order to obtain the end result.  The third step seeks to reduce 
the amount of edges displayed which represent weak edges.  This is achieved 
via the use of a non-maximum suppression operation which determines if pixels 
are bright enough to keep.  If a pixel is darker than the specified maximum 
threshold, then the pixel is converted from a gray pixel, to a black pixel.  The 
resulting image primarily depicts only strong, prominent edges.   
 
The fourth and final step in the Canny edge detection algorithm applies a 
hysteresis threshold operation to the image produced after step 3.  The 
hysteresis value specified is set such that pixels below a certain value are 
converted to black, whereas pixels above the hysteresis value are converted to 
white.  The resulting and final output image from the Canny edge detection 
algorithm is an image which is completely black, except for the most prominent 
edges of objects within the image.  Those edges are depicted in white with hard 
edging and no blurring, as is depicted in Figure 28 below. 
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Figure 28:  Canny Edge Detection Phase 3 Suppression and Phase 4 Hysteresis 
 
The Canny edge detection algorithm is one of the most resource intensive object 
detection algorithms considered for the design of this project.  As we have 
learned, the Canny edge detection algorithm requires that the 4 steps described 
above be performed on the image being analyzed.  Moreover, it could be argued 
that the process actually requires 5 steps, since the conversion from color to 
grayscale is not typically counted as a step in the process, but is rather an 
assumed process which must be performed beforehand.   
 
It is therefore pertinent to consider the challenges potentially posed by 
implementing the Canny edge detection algorithm into software which will be run 
on a Raspberry Pi 3 Model B microcontroller, which operates 4 cores at a default 
clock speed of 1.2 GHz.  If the Canny edge detection algorithm is utilized for 
every new image to be analyzed, then the rate at which the program can analyze 
images may have to be drastically reduced.  This could result in the program 
lagging behind the frame-rate of the camera.  Considering that the prey drones 
may be moving rather quickly, caution should be taken to ensure that the 
program can analyze new images as quickly as possible to maintain an adequate 
amount of images processed per second. 
 
For the purposes of the competition, the Canny edge detection algorithm could 
be exceedingly useful for detecting the boundaries, the edges of the objects 
within the environment which the autonomous drone must avoid.  Whereas the 
identification of a prey drone may be simply to note the general direction in which 
the prey drone is located,  the identification of obstacles within the environment 
would also require determining with a fair degree of accuracy the precise location 
of the edges of those obstacles.  It is quite plausible, for example, that two 
obstacles may be positioned in close proximity to one another, providing on a 
meager amount of space between the two obstacles through which the 
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autonomous drone may pass.  If the object recognition software for the drone 
cannot distinguish with a reasonable degree of accuracy the location of the 
edges of the obstacles within the environment, then the object recognition 
software could very well be unable to recognize that there is in fact an adequate 
amount of space between the two objects through which the drone may pass.  It 
is therefore concluded as a design decision for the autonomous drone that the 
Canny edge detection algorithm not be used for identifying the prey drones, but 
could be utilized to great effect in identifying the precise boundaries of obstacles 
within the environment. 
 
Line fitting is a technique for identifying lines within the image which is being 
analyzed.  Unlike template matching or histogram color matching, line fitting does 
not require the use of a template image.  The goal of line fitting, much line the 
Canny edge detection algorithm is to identify the prominent edges within the 
image.  The primary distinction between line fitting and the Canny edge detection 
algorithm is that the Canny edge detection algorithm can identify edges which 
are not necessarily only straight lines.  The Canny edge detection algorithm 
instead provides a modified image with only the most prominent edges 
highlighted in white.   
 
Line fitting can only be utilized to recognize straight lines, but this can be quite 
advantageous.  Once the primary straight edges, the most prominent lines within 
the image have been identified, the line fitting algorithm can store the equations 
of these lines for later use.  For example, consider a scenario in which the drone 
is flying around a large field of grass which extends in the seeable horizon.  If the 
line detection algorithm identifies a line trend on the horizon between the distant 
boundary of the field and the blue sky, then the slope of that line would indicate 
the current orientation of the drone in 3 dimensional space. 
 
Similarly, the line fitting algorithm could be utilized to detect the edges of the 
obstacles to be avoided within the obstacle course.  This application could be 
quite useful, since the line fitting algorithm can be less resource intensive than 
the Canny edge detection algorithm.  Moreover, it may well be that the obstacles 
within the obstacle course will tend to be rectangular in form.  If this is the case, 
then the use of a line fitting algorithm should be adequate for identifying the 
edges of obstacles within the environment, as opposed to using the Canny edge 
detection algorithm for identifying the edges of objects within the obstacle course. 
 
The line fitting algorithm is able to identify edges of objects within a given image 
more quickly than the Canny edge detection algorithm in part due to how the line 
fitting algorithm is typically implemented.  Whereas, the Canny edge detection 
algorithm requires 4 steps, the line fitting algorithm requires primarily the use of 
least squares to identify trends within the image, either via least squares, vertical, 
or total least squares methods.  Thereafter a Hough Transform is applied to 
provide a voting technique by which only the most prominent line trends within 
the image are selected to be highlighted within the image.  In contrast to the 
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considerable amount of system resources required to run the Canny edge 
detection algorithm, the line fitting algorithm could serve as a more lightweight 
alternative to the Canny edge detection algorithm.  This would be especially true 
if it is later discovered that the obstacles within the obstacle course tend to 
resemble predominantly rectangular shapes. 
 
In addition to identifying the edges of obstacles within the obstacle course, the 
line fitting algorithm could be utilized to identify the cage which will enclose a 
given prey drone.  Creating a multi-threaded C++ OpenCV program to run on the 
Raspberry PI 3 Model B could serve as the means by which readily identify prey-
drones, processing each image at a much faster pace than the Canny edge 
detection algorithm would allow.  The focus of the algorithm could be honed on 
the cage which encloses the prey drone, thus resulting in a line detection 
algorithm which accurate computes the precise location of a drone in 3 
dimensional space based upon the location within the image of the numerous 
lines which represent the detection of the edges of the plastic cage which will 
enclose the prey drone, shown below in Figure 29. 
 

 
Figure 29:  Line Detection Used to Identify Prey Drone by Its Cage [63] 

 
Difference of gaussians is an edge detection algorithm which can provide a 
very quick estimation of the prominent edges without requiring as much system 
resources as the Canny edge detection algorithm.  The process of calculating the 
difference of gaussians to first generate a blurred version of the original image, 
applying a relatively heavy gaussian blur.  The second step is to obtain a version 
of the original image which is not as blurred.  The greatly blurred image is 
thereafter subtracted from the slightly less blurred image.  The resulting image 
depicts primarily the most prominent edges depicted within the image being 
analyzed by the difference of gaussians algorithm. 
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While the difference of gaussians edge detection algorithm does demonstrate 
notable performance over the Canny edge detection algorithm, the difference of 
gaussians algorithm does not provide an adequate degree of hysteresis.  Note 
that the end result of the Canny edge detection algorithm was an image in which 
all pixels are either black or white, a binary color scheme.   
 
That is not so with with the difference of gaussians edge detection algorithm, 
which produces grayscale images depicting not only the most prominent edges, 
but more faint edges and textures as well.  This ambiguity in edge detection 
could greatly increase the difficulty of creating an obstacle recognition function 
which can distinguish obstacles to be avoided from other environment objects 
which have even mildly notable edges.   
 
Corner detection is an algorithm by which the corners of a objects within the 
image are identified based upon gradient changes observed.  A common method 
of detecting corners is to first identify a sudden change in gradient - a sudden 
transition from one light level to a very different light level.  This sudden change 
indicates that an edge is present.  This process relies upon using Eigenvalues, 
followed by the Harris corner detection algorithm.  Upon discovering an edge, the 
corner detection algorithm rotates 90 degrees to check if there is also a sudden 
change in gradient in that direction  as well.  If so, then that would imply that a 
corner is present at that location. 
 
Corner detection can be particularly useful when seeking to pinpoint the 
boundaries of rectangular objects.  For the purposes of the competition, however, 
the use of corner detection could potentially be effective in identifying the 
boundaries of various obstacles to be avoided.  While this may be effective, it 
would only be so for obstacles which are rectangular in form.  Corner detection 
could not account for obstacles which are round, such as a balloon.  For this 
reason, it is the design decision of this project not to rely solely upon a corner 
detection algorithm for identifying obstacles within the environment.  Instead, 
corner detection algorithms will be considered only if other more promising 
methods prove to be inadequate or ineffective. 
 
Image noise reduction is an effort to mitigate the distortion present in the 
recorded images, be it salt and pepper noise (a.k.a. impulse noise), or gaussian 
noise.  The presence of noise in images is unavoidable.  Even if two photos are 
taken of the exact same scene in rapid succession, then the two images would 
still have slight variations in which is referred to as gaussian noise.  Variations in 
the temperature of the camera sensor and variations in the illumination contribute 
to the intensity of the gaussian noise.  Salt and pepper noise (a.k.a. Impulse 
noise) is often observed as distinct, white pixels smattered throughout an image.  
The cause of salt and pepper noise is often errors in transmission or conversion.  
For instance, converting from analog to digital can be a key contributor to salt 
and pepper noise. 
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Figure 30:  Original Image Versus Image With Gaussian Noise 

 
To mitigate the presence of noise within an image, a gaussian blur is often used, 
shown in Figure 30.  This is another reason why many object detection 
algorithms begin by first applying a gaussian blur to the image.  This is performed 
via the use of a matrix operation setup to do a moving averages operation.  In 
this procedure, the matrix is designed to slide across the entire image one pixel 
at a time.  Often the matrix is a simple 3x3 matrix.  The middle pixel of the matrix 
is aligned to the current pixel within the matrix which is to be receive a gaussian 
blur.  The average of  the values of the neighboring 8 pixels is calculated and 
becomes the new value for the pixel in the middle of the matrix.  This operation 
can be scaled across the 4 cores of the Raspberry Pi 3 Model B to enable the 
program to be threaded, using all 4 of the CPU cores simultaneously. 
 
SIFT 

- Can detect rotated images. 
- Can recognize scaled images 
- Antiquated algorithm.  Not in OpenCV 2.4 
- Uses Fast Library for Approximate Nearest Neighbors (FLANN) 
- Gaussian Pyramid (different resolution sizes of the same image) can be 

used to also speed up the performance of SIFT. 
 
RANSAC 

- Interfaces with SIFT as a selection algorithm. 
- Drastically speeds up the performance of SIFT. 

 
SURF 

- Replaced SIFT because SURF is much faster. 
- Big-O(n log n) run time 

 
Image Format 

- Image file formats are flexible within OpenCV and TensorFlow. 
- Grayscale images will suffice and may prove to be preferable to use for 

the FPV with colored rectangles overlaid upon identified objects. 
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- If JPG image format is selected, then the quality must not be set to 
maximum.  Else, the file size would be much too large. 

 
Video Format 

- Resolution is to be 720p ideally so that the Raspberry Pi 3 Model B 
microcontroller will not be laggy in an effort to process 1080p or 4k video. 

- Video file format to be used was MP4 encoded. 
 
Image Homography 

- Correlates two images in which the object in one is warped. 
- Recognizes object if perspective is different. 
- Works despite the vanishing point of an object that is far away (tall ladder). 

 
Stereography 

- Matches features which minor displacement means that the camera is far 
from the object. 

- Matches features with a large displacement means that the camera is 
close to the object. 

 
Panoramic Photo Creation 

- Can stitch together multiple images into one panoramic photo by using 
techniques such as mosaics. 

- The use of panoramic photos could enable us to, in effect, increase the 
field of vision (FOV) of the drone. 

 
Ideally, we hoped to be able to use a combination of the histogram color analysis 
in conjunction with canny and several other algorithms to ensure that we 
accurately detect the enemy drone.  Since there is no guarantee about the color 
of the drone, or even the shape of the drone, we will have to adapt a software 
strategy that is both flexible and defined.  This strategy must account for changes 
in specific image characteristics of the enemy quadcopters, and must be able to 
be changed on the fly. 
 
6.2. Autonomous Flight Software Strategies 
 
Our quadcopter drone had 10 minutes to find and attack as many enemy drones 
as it could. There were boundaries set for the drone. For example, the drone will 
not be able to go higher than 40 feet and it will not be able to travel past the 40 
foot by 40 foot competition field. Designing an effective search strategy for the 
drone is one of the most important parts of this project. The success rate of a 
particular search strategy depends on many things besides the main software 
algorithm. For example, accurate sensors and quality object detection algorithms 
should be used so that the drone doesn’t detect a false drone and succeeds in 
identifying and pursuing a real enemy drone. Also, the drone must be able to 
avoid hazards and obstacles in its surrounding area. In addition to these 
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requirements, the main search software algorithm must be designed so that it 
finds the enemy drones while using time and energy efficiently. 

 
The main two modes of the quadcopter were a search mode and a pursue mode.  
Our Senior Design group is considering multiple strategies for both of these 
modes.  For example, for search mode, the quadcopter could start by circling the 
outer perimeter of the area, and then slowly move inwards. Another possible 
strategy could be that the drone vertically or horizontally scans the whole area 
repeatedly. However, both of these strategies are close to brute force searches 
and don’t have a lot of logic to them.  

 
Algorithms such as breadth first search and depth first search can be used, but 
they will not be as effective because the targets will always be moving and not at 
a fixed point. A slightly better solution could be if instead of traveling in straight 
lines or circles, the drone could have an irregular travel pattern such as zigzag or 
a combination of zigzag, straight, and circles. This pattern would be harder to 
predict by the individuals controlling the enemy drones.  

 
A more optimal solution could be that the drone could start in the middle of the 
search area at one end, and slowly travel to the other end. Over time the drone 
could shift left or right based on the range of detecting an enemy drone. With this 
strategy, way more of the actual search area was able to be scanned by the 
drone, and the sensors will not waste time with areas outside the boundaries. 
One extension to this strategy could be that the drone can hover in one position 
for some time to increase the chances of detecting an enemy drone flying by. 
Altitude is an important parameter to consider, as the drone was able to see 
more of its surroundings the higher up it is.  

 
However, tradeoffs for higher altitudes include the idea that the drone might 
require a more powerful camera to see the equivalent level of details. One 
approach could be that the drone could fly at higher altitudes until it detects an 
enemy drone, and then it can lower itself to confirm its detection and continue the 
pursuit, matching the altitude of the enemy. In addition, since the speed of the 
drone will likely be higher than the enemy drone, when the enemy drone is 
detected, our drone could increase its speed so that it does not lose sight of it.  

 
A lot of the strategies discussed above are dependent on the technologies used 
on the drone. For example, if long distance sensors are used on the drone, it 
may not be necessary for the drone to physically scan the whole area. There 
may be a case where the drone would only need to physically be in the middle of 
the search area, and it could still be able to scan the whole area for target using 
the sensors on board. Also, the use of a 360 view camera could simplify the path 
of the drone, and allow it to cover search area faster. If we decide to use Pixy 
Camera or another mounted camera with no rotational capabilities, however, we 
will need to constantly scan our surroundings in order to view the entire scene. 
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There are certainly mechanical tradeoffs between mounted cameras and rotating 
cameras, including helping the drone to see in all directions.   

 
Eventually, we might combine multiple cameras to gain a better clarity of the 
obstacle course, as long as there is room within our budget.  This strategy might 
improve the depth perception of the quadcopter, and could actually improve our 
flight from an autonomous software standpoint. 
 
Furthermore, it is crucially important to think about which actions the drone will 
take when it detects that an enemy drone is near. When the drone detects that 
it’s really close to the enemy target, it can accelerate even more in order to 
maximize the chances of hitting it. We are considering multiple strategies for how 
to attack the enemy. One strategy is that once one enemy drone has been found, 
the drone will focus on that enemy and keep tapping it repeatedly so the 
maximum amount of points can be attained.  
 
Unfortunately, the enemy drone will switch between hover and flight mode every 
ten seconds.  We also have the limitations of the rules of the competition of only 
being able to collide with the same drone every ten seconds without penalty.  
Another strategy could be that the drone taps the enemy once and then moves 
on to find other targets. One drawback to this strategy would be that it will not be 
that time efficient, as it might take a lot of time to search and pursue multiple 
targets.  

 
Naturally, one alternative to this could be that the drone could keep tapping the 
target with a lot of force until it falls to the ground.  This tactic will give the team 
more points in the competition, however it could also cause serious damage to 
the drone itself, while also risking damage to the internal circuitry of our drone 
and making it more difficult for our quadcopter to recover.  A little different 
approach could involve an object such as a fly swatter that is appended to the 
drone, and when the drone is considerably near to the target, the swatter will hit 
the target and try to make it fall to the ground.  
 
There were two other modes for the quadcopter . One was the reset mode. This 
will automatically start after the 10 minutes are over for the competition. For this 
mode, the drone was programmed so that it returns to the base station 
autonomously. Another application for the reset mode could be that once the 
drone has completed one iteration of the path around the arena, it can come 
back to the starting point and begin the iteration again until the 10 minutes is 
over.  The other mode was repair mode. This mode was configured manually via 
a remote controller or a ground station control application in the event that some 
damage is done to the drone. In this mode the drone was flown back to the base 
station, preferably at a high speed, to ensure that not a lot of competition time is 
wasted. After the repairs are completed at the base station, the drone will resume 
its autonomous search around the arena.  [64] 
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Below are tables 8a - 8f which are a list of commands and methods, supported 
by DroneKit, which we plan to use to program the path the drone will take across 
the course. The commands can be combined to create missions and these 
missions can be uploaded to the Raspberry Pi 3. [65] 
 
 Table 8a: Method and Command Table 8a 
METHOD arm_and_takeoff(Altitude) 

PURPOSE This method first checks if the copter is 
ready for flight by verifying if it has 
booted and the GPS has been 
configured. Once this is confirmed, the 
motors are armed and the vehicle 
takeoffs to the altitude given. 

COMMENTS This method can be interrupted by other 
commands given, and it is best to wait 
until the copter has reached a certain 
height to issue other commands. 

  
 Table 8b: Method and Command Table 8b 
COMMAND MAV_CMD_NAV_WAYPOINT 

PURPOSE This command sets a waypoint for the 
copter to travel to. The copter travels in 
a straight path at a certain height, 
latitude, and longitude. It stays at the 
point for a certain length of time. 

COMMENTS Multiple waypoints can be combined to 
create a mission for the copter. 

  
Table 8c: Method and Command Table 8c 
COMMAND MAV_CMD_NAV_LOITER_TURNS 

PURPOSE This command causes the drone to hover 
at a specific point and circle the area for a 
set number of turns. 
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COMMENTS Height, latitude, and longitude can be set. 
The radius of the circle can also be set. 
This command can be useful for us as we 
plan to have an irregular travel pattern for 
the drone. 

  
Table 8d: Method and Command Table 8d 
COMMAND MAV_CMD_NAV_SPLINE_WAYPOINT 

PURPOSE Instead of traveling on a straight path to 
the next waypoint, the copter travels in a 
spline path. 

COMMENTS Height, latitude, and longitude can be set. 
The time that the drone stays at the 
waypoint can be set. This command can 
be useful for us as we plan to have an 
irregular travel pattern for the drone. 

  
 Table 8e: Method and Command Table 8e 
COMMAND MAV_CMD_NAV_LOITER_TO_ALT 

  

PURPOSE The copter stays at a specific longitude 
and latitude until it has reached a certain 
height. After reaching a certain height, it 
will continue towards the next waypoint. 

COMMENTS This command is useful to us as we plan 
alter the altitude to get a better view of 
the surroundings and enemy drones. 

  
Table 8f: Method and Command Table 8f 
METHOD distance_to_current_waypoint() 
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PURPOSE This method calculates the distance in 
meters to the next waypoint in the 
copter’s path. The distance is calculated 
by using the latitude and longitude of the 
waypoint and current copter location.   

COMMENTS This command will help us when we are 
building the collision avoidance 
algorithms. The copter will need to divert 
from its original course in order to avoid 
the obstacle, and this method will help 
determine where the next waypoint is 
and how far it is. 

 
 
 
 
 6.3. Obstacle Avoidance 
 
The ability of the drone to avoid obstacles is very important to the overall success 
of the project. This feature is important in order to ensure the safety of the drone 
and the overall surroundings. A lot of technologies go into developing a 
successful obstacle avoidance system, including many sensors, software 
algorithms, and machine learning. It is important that all parts of the drone are 
covered when designing a collision avoidance system and not just the front of the 
drone. For this reason, multiple sensors may be needed and they will have to 
positioned in a way that all areas are covered.  

 
In addition, software algorithms for obstacle avoidance are an important part of 
the whole system. They receive data from a variety of sensors, and based on a 
specific formula or instructions try to avoid a moving or stationary object. 
Algorithms should be designed based on the environment and conditions the 
drone will face. Below are some examples of collision avoidance sensors and 
algorithms. 
  
Radar (Radio Detection and Ranging) 
 
Radar is old technology and was developed before WW2. It consists of a 
transmitter and receiver and it works by emitting radio waves and measuring the 
time it takes for them to reflect off of an obstacle nearby. Radio waves travel at 
the speed of light, and the time and speed of light can be used to calculate the 
distance of an object nearby. Radar has been used by air traffic controllers and 
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ships for a long time, and it has many advantages. It is reliable in bad weather 
conditions and all terrains, and can work in all types of lighting. 
  
uSharp Patch Collision Avoidance Radar 
 

● Small and compact (dimensions are 76mm * 54mm * 13 mm) and weight 
is 22g 

● Can detect obstacles within 0.5m to 120m 
● Reliable in all weather and light conditions 
● Can detect stationary and moving objects 
● Has low power consumption, consuming around 1.25 W 
● Uses microwave radar signals which determine distance more accurately 
● Costs around $500 

  
Lidar (Light Detection and Ranging) 
 
LIDAR is a technology in which a laser is emitted towards an object, and the time 
that it takes to get reflected back is measured. Lasers are emitted very rapidly 
and the speed can go up to 1,000,000 pulses per second. Sensor calculates 
distance of object based on time it took for laser to be reflected and the speed of 
light. The technology needs LIDAR sensor, GPS, Inertial Measurement Unit, 
processor, and storage to work reliably. Along with the data from the laser 
pulses, GPS records the geographical position of the sensor when the laser is 
reflected and the IMU records the orientation of the sensor. All this data is 
combined to create a “point cloud” or a 3D map which is the combination of all 
the 3D points recorded by the sensor which correspond to points in the natural 
surroundings. 3D map can be really useful for obstacle avoidance as it paints a 
reliable picture of the surroundings and all the objects contained within. Lidar 
data can be collected in the air or the ground. However, sensor is generally 
heavy, and may not be suited for small drones. [66] 
  
 An example of a Lidar Sensor is shown below: 
  
LeddarTech – Vu8 Lidar Sensor 
 

● Weighs 75 grams and can detect targets up to 700 feet 
● Has a fixed light source which makes the technology more reliable and 

efficient 
● Has eight independent segments which can detect different objects/points 
● Can withstand bad weather conditions and interference 
● Has no moving parts 
● Comes with own software development kit, which makes it easy to 

combine with the drone 
● Too costly for our project, costing around $475 

  
 Infrared Sensor 
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Infrared sensor uses a light sensor which detects light which falls under the 
Infrared Spectrum. LED emits infrared light and if an obstacle is close, the light is 
reflected from the obstacle to the sensor. If there is no obstacle, the light emitted 
will ultimately spread and none will be reflected back. The infrared sensor can 
detect objects about 2 – 30 cm away. There is a special variation of the Infrared 
Sensor called the Sharp IR Sensor. This sensor can also detect how far away the 
obstacle is, and it does this by looking at which point the IR light is received. 
From the location it calculates the angle of the light and from that it is able to 
detect how far the obstacle was. The sensor returns an analog voltage which is 
directly related to the distance of the obstacle. It can detect obstacles as far as 
20 – 150 cm 
  
Stereo Vision Camera 
 
Stereo vision works by combining images of similar scenes from various 
cameras. It takes image pixels from each image that correspond to the same 
area, and combines them to create a 3D point. This process is called 
triangulation or reconstruction. Transformation of 2D points is done very quick in 
this technology, and about 1,000,000 3D points can be generated per second. In 
addition, an advantage to this technology is that no lights or lasers are required. 
Stereo Vision can be helpful for our project as it can help create depth to 2D 
images that are captured which can make it easier to detect obstacles that may 
be in the drone’s path. 
  
Ultrasonic Sensor 
 
This sensor uses sound waves to calculate how far an obstacle is. The sensor 
emits a sound wave at a high frequency and measures the time it takes to come 
back. Given the speed of sound, 344 m/s, the distance is calculated using this 
formula: Distance = (time * speed of sound)/2. The time is the round – trip time, 
and therefore the product needs to be divided in 2. Ultrasonic sensors are 
sensitive and their reliability can be affected by weather conditions. In addition, it 
is possible that some objects may not be detected by the sensor. This may be 
because the sound wave bounces off the obstacle in a direction away from the 
sensor. The sensor may not detect the sound because the obstacle may be too 
small, or the obstacle may have absorbed the sound wave. 
  
HC-SR04 Ultrasonic Sensor 
 

● Can detect objects from 1 inch to 13 feet 
● Distance measurement accuracy within 3 mm and can measure angle up 

to 15 degrees 
● Includes circuit, transmitter, and receiver 
● Simple design and easy to integrate within drone 
● Some soft materials can be hard to detect like clothing 
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● Very cheap costing around $4 
 
Time-of-Flight Sensor 
 
Time of Flight sensors have many applications including navigation, tracking 
objects, and collision avoidance. The technology costs of a lens, a light source, 
and sensor. It works by emitting a single, continuous, infrared light pulse over a 
whole scene, and capturing the scene with the camera in one shot. The sensor 
measures the time it takes for the light to be reflected, and the distance is 
calculated using the time and the speed of light. The 3D map is generated using 
the distance data and 2D images, and this process doesn’t require a lot of 
processing power.  Compared to other technologies, TOF captures the depth and 
intensity of the scene in one shot, and there are no moving elements to the 
technology. It is relatively lightweight and doesn’t consume much power. Also, it 
is relatively cheap costing around $150. This technology can be really beneficial 
for our project, as it is one of the fastest technologies that can generate a 3D 
map of the drone’s surroundings and prevent it from colliding into obstacles. 
  
Heptagon Olivia ToF Obstacle Detection Sensor 

 
● Can detect objects up to 6.5 feet 
● Consists of a microprocessor, TOF sensor, light source, and advanced 

software and optics technology 
● Reliable and up to 15% margin of error 
● Dimensions are 4.8mm x 2.8 mm x 1.00 mm 
● Working under any lighting, and adjusts exposure automatically 
● Low power device and user-friendly 
● Performance independent of how well object reflects light 
● Ideal for collision avoidance or object detection 

  
Monocular Vision Sensor 
 
This sensor works by taking 2D images with a single lens camera, and then adds 
depth to the image converting it to 3D using complex software algorithms. It 
reconstructs the image by using pictorial depth cues. Pictorial depth cues are 
how humans are able to judge distance between different objects. One example 
of a depth cue is size and it is seen in pictures when bigger objects are thought 
to be closer. Another cue is relative height, and it describes how objects closer to 
the horizon are thought to be farther away. Texture is another depth cue, and it 
describes how closely packed objects are thought to be farther away from larger, 
spaced out objected. Monocular vision sensors are popular and cheap as the 
main part of the technology is  the algorithms which determine distances 
between objects and create a 3D representation of the scene. 
  
Obstacle Detection Algorithms and Technologies 
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Utilizing the various sensors in an effective, yet expedient manner will require a 
highly effective robotic paradigm.  If the drone detects obstacles via the general 
paradigm of Sense, Plan, Act (SPA), then the obstacle detection algorithm might 
be able to very accurately detect obstacles with very few false-positives and a 
high hit rate on true-positives.  However, the the processing time and system 
resource cost of performing extensive object recognition on a continual basis 
may be too high of a price to pay. 
 
Alternatively, we could detect obstacles via the general paradigm of Sense and 
Act.  In this model, there is essentially no time spent doing processing to “plan” 
what to do next.  The entire process of detecting an obstacle would be more of 
an instinctive reaction by the drone, and not a continuous grinding of a system 
resource-intensive object recognition algorithm to determine if an obstacle is in 
the direct path of the drone.  This model has the extra advantage of requiring 
less processing power and also saving battery life, although it may not be the 
best option from a strategic standpoint. 
 
The paradigm best suited for this project may be the hybrid model, which 
combines the the instinctive reactivity of the Sense and Act model with the 
analytic approach of the Sense, Plan, Act model.  In the context of our project, 
this could be implemented by utilizing 2 or more sensors.  The sensor which 
would be continuously running could perhaps be a laser to detect if some sort of 
object lies in the path of the drone.  The data collected from the this sensor could 
be analyzed in a very binary manner - is there something blocking the laser’s 
path or not.  So long as there is nothing blocking the path of the laser, then that 
will be all that the obstacle detection algorithm will continue to do - repeatedly 
scanning the area in front of the path of the drone with the laser sensor. 
 
In the event that the laser sensor data does indicate that an object is blocking the 
path of the laser, then the second phase of the obstacle detection algorithm 
would become activated.  This phase would inevitably be much more resource 
intensive than the first phase, the laser phase.  The benefit of the second phase, 
however, would be to definitely deduce if an object is indeed in front of the drone 
and what type of object that might be.   
 
There are really only two main categories of objects that our drone was 
concerned with: (1) Prey drones, and (2) Everything else.  If the obstacle in front 
of the drone is determined to be a prey drone, then our drone should charge at 
the prey drone to ram into it.  If the object in front of our drone is not a prey 
drone, then we must treat it as an obstacle and avoid it.  This is the “plan” portion 
of the hybrid model of the Sense, Plan, Act robotic decision making paradigm, 
shown in Figure 31. 
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Figure 31:  Hybrid Sense, Plan Act (SPA) Decision Paradigm for Obstacle 
Avoidance 
 
 
SLAM (Simultaneous Localization and Mapping) 
 
This is a technology which allows a machine to simultaneously find its position 
relative to its surroundings and generate a map of the environment it’s in. SLAM 
is a major topic of research due to its many applications.  
 
One of the fundamental problems with this technology is similar to the chicken-
and-egg problem. SLAM technology has to map its environment, but in order to 
do that it has to know its position, but it can only know its position if it has a pre-
existing map of the environment. Many implementations of SLAM capture a set 
of points from slightly different camera angles. Then triangulation is used to 
reconstruct these 2D points into 3D.  
 
These point locations are simultaneously used to calculate the position and angle 
of the camera itself. This process is successful when plenty of points in the 
environment are sampled. SLAM is useful in areas where there is no map or 
GPS available. However, this technology is not suited for object tracking or 
gesture recognition as SLAM requires a static and unchanging environment. [66] 
 
 
 
6.4. Sensor Collaboration 
 
Avoid Killing People 

- Relying upon image recognition techniques alone might be unsafe. 
- Person wearing a shirt or a baseball cap with a pattern could be confused 

for a prey drone and targeted by our drone. 
- Even with a manual emergency kill switch remote control, we may not 

have time to stop our drone from ramming into the individual. 
- Could look for and avoid heat signatures. 
- Could listen for the buzzing sound of a drone and only target that. 
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- Could avoid targets which are touching the ground, because presumably 
people’s feets would be touching the ground, but prey drones would be in 
the sky. 

 
 
6.5. Operating System Requirements for 
Object Detection 

 
We plan to use OpenCV software to detect various enemy drones.  As a result, 
we must use a microcontroller with an operating system with a processor that is 
powerful enough to run OpenCV and complete image processing.  We may also 
need additional processing power to support the PX4 software, although this is 
still an uncertainty.  The key to a successful project, therefore, has been 
surmised to be paramount to the essentiality of selecting a robust operating 
system which can meeting the demands and requirements of the various 
software components, libraries, and drivers which will be utilize to provide the 
autonomous drone with autonomous flight and computer vision detection 
algorithms. 
 
The drone will need to be autonomous.  Therefore, it was required that the 
operating system be a real time operating system.   The drone will not know in 
advance the precise turns and movements it will need to take.  The operating 
system must be capable of accepting data and making a series of decisions 
accordingly.  This requirement does rule out the use of a simple operating 
system which would function more akin to an application-specific integrated 
circuit (ASIC). Fortunately, there Raspberry Pi 3 Model B microcontroller should 
provide adequate system performance to perform the flight calculations and the 
image recognition algorithms. 
 
The primary discerning factor for determining which operating system to choose 
was that the operating system chosen must be compatible with the Raspberry Pi 
3 Model B microcontroller.  Moreover, consideration must be given to the driver 
compatibility of the operating system with the components of the Raspberry Pi 3 
Model B microcontroller.  To merely be capable of installing the operating system 
on the Raspberry Pi 3 Model B microcontroller is one matter to ensure that is 
covered.  However, to thereafter be able to utilize the WiFi chip and GPIO header 
pins of the Raspberry Pi 3 Model B is a design decision which not must be taken 
lightly.  It could be quite problematic to develop the entire project for a specific 
operating system, only to discover much later in the design process that the 
operating system selected is in fact inadequate for the needs of the project. 
 
Of the many operating systems considered for use with the Raspberry Pi 3 Model 
B microcontroller, the Windows 10 operating system was one of the primary 
operating systems which was carefully evaluated.  Students through the 
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University of Central Florida can obtain the Windows 10 operating system for free 
through the college, providing that the student is currently enrolled in a part-time 
load of Computer Engineering Computer Science (CECS) courses.  This 
wonderful opportunity negates one of the primary drawbacks of going with the 
Windows 10 operating system: the cost.  The Windows 10 Professional Edition 
costs $84.99 currently if one were to purchase the operating system without the 
free version of the operating system offered through the UCF CECS department. 
[67]  Unfortunately, the standard distributions of the Windows 10 operating 
system are not particularly well-suited for use with the Raspberry Pi 3 Model B 
due to a lack of adequate driver support, but there is a distribution of Windows 10 
termed the Windows 10 IoT Core which is compatible with the Raspberry Pi 3 
Model B microcontroller. [68]  
 
Among the many other operating systems considered were various Linux 
distributions.  Of the currently available options, the Raspbian Stretch distribution 
proved to be particularly relevant, for it is a Linux distribution specifically 
designed for use with the Raspberry Pi microcontrollers. This free operating 
system includes a wide array of pre-installed tools, including WiringPi for 
providing an easy way to write programs for turning the GPIO header pins on and 
off.  Moreover, the Raspbian Jessie operating system is but the latest distribution 
of many Linux distributions for the Raspberry Pi, thus providing an increasingly 
developed operating system. 
 

 
Figure 32:  Raspbian Stretch Operating System [69] 

 
After very careful consideration of the various possible operating systems to use 
with the Raspberry Pi 3 Model B microcontroller, the Raspbian Stretch Linux 
distribution was selected s  the operating system to be used for this project.  This 
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operating system was chosen in great part due to it being but the latest in a line 
of iteratively improved Linux operating systems which have been specifically 
designed for use with the Raspberry Pi microcontrollers.  Moreover, the 
Raspbian Stretch operating system, shown in Figure 32, has two main versions: 
one with a graphical user interface (GUI) and another without a GUI.  The 
advantage to using the version which has a GUI is that the operating system 
would be quite easy to use, requiring simply the use of a keyboard and mouse 
with a very visual user experience.  This version of the Raspbian Stretch 
operating system could be a great choice to develop the drone software on.  The 
other main version of the Raspbian Stretch operating system is a commandline-
based operating system which lacks any GUI at all.  This might be problematic to 
develop on, but it could be quite helpful to use for the drone.  Not requiring the 
operating system to continuously generate a GUI could enable the operating 
system to have more system resources freed than it otherwise would be able to.   
 
In order to write the Raspbian Stretch operating system to a microSD card, the 
use of an ISO image writing software must be employed.  After testing a few 
such pieces of software, the Rufus ISO burning tool, shown in Figure 33, proved 
to be the most effective, free option and is free of adware. 
 

 
Figure 33:  Rufus ISO Burning Tool 

 
 
6.6 Flight Controller Software 
 
Maintaining the stability of the autonomous drone throughout its flight posed an 
exceedingly complex set of challenges to overcome.  The flight controller 
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software had to maintain stability, regardless of the weather conditions, within a 
general amount of reason.  The drone was not required to be capable of 
maintaining flight during a rain-shower.  However, the drone had to be capable of 
maintaining flight stability during mild to moderate windy conditions.  To better 
prepare for this possibility, a great deal of effort was allocated and executed into 
better ascertaining which flight controller software components and libraries 
currently available would expedite the ability of our team to readily program an 
effective autonomous drone which can maintain stable flight without the 
assistance of a human to control the drone via the use of a remote control. 
 
It should first be noted that a hardware-based flight controller served as the 
primary means by which the autonomous drone maintained stable flight.  
However, the primary focus of the following sections is to investigate how various 
pieces of flight controller software enabled our team to better utilize the 
hardware-based flight controller. Additionally, the use of flight controller software 
proved to be beneficial for fine tuning the adjustments of the various motors of 
the drone in order to more finely tweak movements of the drone. 
 
To first better understand how flight controller software function, a high-level 
architecture diagram has been created to visually describe the overall 
functionality and inter-connectedness of a piece of flight controller software.  The 
resulting diagram is depicted in Figure 34 below. 
 

 
Figure 34:  High-Level Architecture of Flight Controller [70] 

 
The real-time operating system is critically important for flight controllers. It 
ensures that the critical commands/routines are executed in a certain time limit 
and it ensures safety and reliability for the flying apparatus. The middleware 
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contains device drivers which are responsible for controlling sensors on the 
board and connecting these to the flight control applications. It also contains 
math and radio-control libraries. The flight control layer consists of the algorithms 
and control routines that are responsible for things such as calibrating the 
machine, controlling the motors, and stabilizing flight. 
 
A real-time operating system primarily differs from other operating systems 
because a single fault can generate an entire system failure.  For example, if one 
motor fails to turn on within the quadcopter, the entire quadcopter cannot perform 
its basic functions (turning, searching, and pursuing).  As a result, there is a very 
tight threshold within response times.  If a response is delayed, it can cause an 
entire system crash.  Fortunately, our real time system does not put people’s 
lives at stake, however, our programming must be scheduled in such a way that 
data can efficiently be sent and received among the various sub systems in our 
design. [70] 
 
Many of the flight controllers discussed above are compatible with both PX4 
(Pixhawk) and APM flight stacks. Both are open-source flight control software, 
and allow for autonomous flight and waypoint navigation. Below are some of the 
differences between the two: 
  
 APM: 

● Some versions run on top of the PX4 firmware 
● Able to run on hardware such as Pixhawk 2.1, Qualcomm Snapdragon 

Flight, Intel Aero Ready to Fly Drone, Ardupilot Mega 2.8 
● Able to run on top of Linux in systems such as Navio 2 
● Has been in development since 2009 , has in-depth documentation 
● Variety of users/developers contributed to open-source code such as 

students, professors, researchers, UAV companies, hardware flight 
controller designers 

● Well-tested  
● Custom motor mixing is not supported, however this allows for more 

advanced flight control algorithms 
● Allows the drone to work outdoors and during bad weather conditions 
● More features available such as variety of flight modes and auto-tuning 
● Written in C++ and Python 

[71] 
  
PX4: 

● Able to run on run on hardware such as Pixhawk Mini, Pixhawk 2.1, 
Qualcomm Snapdragon Flight, and Intel Aero Ready to Fly Drone 

● Has been in development since 2012 
● Custom motor mixing is supported, and therefore many configurations can 

be made for how the servos/motors will work to control the drone. 
However, this results in simpler flight controls 

● Better suited to fly indoors 
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● Involved with a lot of research and development work 
● Written in C++ and C 

[72] 
  
Ground Control Station Software 
  
Ground Control Station is software which runs on a computer and relays 
characteristics about a multi-rotor or drone, such as altitude, position, and power 
characteristics, via telemetry. It also can be used to see photos or videos from 
cameras on the UAV. There are many types of software available for Ground 
Control Stations in the form of desktop or mobile applications. Below are some 
examples: 
  
Mission Planner 

● Only compatible with Windows 
● Software can load the firmware(APM, PX4) onto the board, and is  

compatible with flight controllers such as Pixhawk, Ardupilot, and Navio 2 
● Many commands available to control multi-rotor such as takeoff, hover 

time, altitude, and return to home 
● Plan and load autonomous trips onto the flight controller using waypoints 
● Track the vehicle while it is on the field, record vehicle data using logs, 

and also use first person view to take pictures of surroundings 
[73] 
  
QGroundControl 

● Compatible with Windows, Mac OS, Linux, IOS, and Android 
● Compatible with any drone which has MAVLink or uses APM or PX4 flight 

stacks 
● Option to plan and execute autonomous missions on flight controller 

○ GeoFence is an option which allows the user to create boundaries 
around the space the drone can fly in         

○ Rally Points allows the user to select hover points for the drone 
○ Survey option allows the user to map out the flight track over a 

closed area 
● Map which shows multi-rotor characteristics such as position, track, and 

altitude 
● Supports video streaming from drone 

[74] 
 
 
 

6.7 Companion Computer Software and 
Hardware 
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Companion Computers 
  
Companion computers can add a lot of functionality and processing power to 
drones, and together with the flight controller can make smart decisions in the air. 
By using companion computers developers don’t have to work with the low-level 
code of flight controllers and can develop complex applications for different 
techniques and technologies such as computer vision and machine learning. In 
addition, companion computers also allow data to be sent to the cloud using 
4G/LTE. Below are some examples of common companion computers used in 
drones. 
 
Companion Computer Hardware 
 
Hardware-based companion computer components were considered carefully.  
The Raspberry Pi 3 Model B microcontroller has a limited amount of system 
resources, including its 1 GB of onboard system memory.  In the event that the 
drone project later needs a system which provides additional system resources, 
various components were considered which might be attached or communicate 
with the Raspberry Pi 3 Model B microcontroller in order to extend not only the 
system memory, but the computing power as well.  The use of a hardware-based 
computer companion component would drain additional battery usage, however, 
such a device might be necessary in order for the drone to perform the complex 
image recognition algorithms in an expedient manner.  Therefore, as means by 
which the drone project may overcome a potential future problem, the following 
research below provides a brief overview of the primary hardware-based 
computer companion components which were deemed most likely to be 
particularly helpful in solving the potential issue of requiring more computing 
power and system resources than the Raspberry Pi 3 Model B microcontroller 
can provide without overclocking the Raspberry Pi 3 Model B microcontroller. 
 
NVIDIA TX1 
 
This is a very powerful and compact companion computer, and is capable of 
supporting computer vision and mapping applications efficiently.  It weighs 88 
grams and dimensions are 87mm x 50mm. It has a 64-bit quad-core ARM cortex-
A57 CPU, and a 256-core Maxwell GPU. In addition, it comes with 4 GB of 
memory and 16 GB of Flash storage. The NVIDIA TX1 comes with a built in 5 
MP Fixed Focus Camera, and has many I/O ports such as USB, HDMI, Gigabit 
Ethernet, SD, and UART. The board runs Linux OS and is able to be configured 
with NVIDIA’s software development kit. The NVIDIA TX1 can be really useful for 
our project because of its processing power and combined with other modules it 
has the potential to implement SLAM and 3D mapping software. This can help 
the drone to navigate in its environment autonomously and avoid any obstacles 
that may come in its way. The NVIDIA TX1 can communicate with the Ardupilot 
supported flight controllers and costs around $344. 
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Intel Edison 
 
This is a small and versatile companion computer which has many uses. Intel 
Edison can be used for creating web and mobile applications for the drone. 
These applications can be used for many purposes, such as manually controlling 
the drone or object tracking. Video streaming is possible with the Intel Edison, 
and video can be streamed by WiFi or 4G to a laptop or mobile device. This 
feature can be helpful for our project, as we have to send FPV video to a base 
station in which the judges can see how the drone is detected targets and 
avoiding obstacles. 

 
In addition, the Edison can be used to create customized Ground Control 
Stations. The Ground Control Stations can help to plan autonomous missions 
and tune the drone. Flight control algorithms can also be developed with the 
Edison and these algorithms can set the path the drone will take during flight or 
help the drone to avoid obstacles in will face in its way. Object tracking is also 
supported with this board, and this can be really helpful for our project as one of 
the main goals functionalities of our drone is that it should be able to track enemy 
drones.  

 
The Intel Edison can be paired with many flight controllers including Ardupilot 
supported FCs. The dimensions for the board are 35.5mm x 25.0mm x 3.9mm. It 
contains a dual-core Intel Atom CPU running at 500 MHz and a 32-bit Intel Quark 
microcontroller running at 100 MHz. It has 1 GB of RAM, and 4GB of Flash 
storage. I/O ports include PWM, analog, UART, 12C, and USB. The CPU is 
running Linux, and the board supports many development environments such as 
Eclipse, Python, C, C++. Also, the board supports Bluetooth and Wi-Fi and can 
upload data to the cloud wirelessly. The flight controller, Pixhawk 2.1, comes with 
an Intel Edison board and this can be a great option for our project. The board 
separately costs around $70. [75] 
 
Intel Aero 

 
This board is made for use by autonomous vehicles, and can be used with many 
flight controllers including Ardupilot support FCs. The dimensions are 88 mm x 
63 mm x 20 mm and the board weighs less than 60 grams. It comes with an Intel 
Atom quad core 64 bit processor running at 2.56 GHz. It has 4 GB of memory, 
and 32 GB of storage. There is a memory card slot included for extra storage.  
I/O ports include UART, I2C, and analog.  
 
The Aero runs the Linux Operating System, and it supports Wi-Fi. An interesting 
feature of the board is that it supports the Intel RealSense camera.  The camera 
is very useful for computer vision applications as it captures images in high 
resolution and the range is up to 3- 4 meters. Also, the camera can add depth to 
images and has a processor which supports image processing and can develop 
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3D maps. This feature can be useful for collision avoidance and enemy detection 
for our project. The board costs around $400. 
  
Odroid XU4 

 
This device is known for fast processor speeds and a small size. The dimensions 
of the board are 83 mm x 58 mm x 20 mm. It has a Samsung Exynos5422 octa-
core CPU and a GPU. It has 2Gb of RAM and eMMC Flash storage. I/O ports 
include USB, Gigabit Ethernet, and HDMI. The Odroid runs Linux, and has high 
data transfer speeds. The GPU makes it perfect for computer vision applications 
and advanced flight control algorithms. The Odroid can work with many flight 
controllers including Ardupilot, and costs around $70. 
 
Raspberry Pi 3 Model B 

 
The Raspberry Pi 3 Model B has a 1.2Ghz 64-bit quad-core CPU, and 1GB of 
RAM. It supports wireless LAN and Bluetooth. It has I/O ports for USB, video, 
HDMI, SD, and camera. Raspberry Pi3 is efficient in video streaming and 
sending it to a ground control station or the cloud. It also has a GPU running at 
400 MHz making the device a good candidate for computer vision applications. In 
addition, it runs the Raspbian operating system, which is a specific version of 
Linux for the Raspberry Pi3. The board is cheap costing around $30. [74] 
 
Companion Computer Software 
 
In addition to the use image recognition software running on the Raspberry Pi 3 
Model B microcontroller with the Raspbian Stretch Linux operating system, 
various software libraries were considered.  Many such “companion” pieces of 
computer software held particular promise for providing stable flight control, as 
well as better integrating the Raspberry Pi 3 Raspbian Stretch Linux installation 
with the C++ framework. 
 
APSync 
 
APSync is a software which runs on companion computers, such as Raspberry 
Pi 3, Intel Edison, and NVidia TX1, and it allows them to work with Ardupilot 
compatible flight controllers. This software creates a WIFI access point and this 
allows the user to connect to the flight controller from the companion computer. 
The user can transfer dataflash logs from the flight controller to the companion 
computer via Mavlink. The advantage to this is that it is faster to download the 
log files from the companion computer than the flight controller. In addition, the 
software backs up log files, pictures, and videos by uploading them to a 
configurable web server. There is a video tool that runs on the companion 
computer, and it can be used to send video to a specific destination from the 
drone to the ground station. [76] 
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FlytOS 
 
FlytOS is a framework which allows developers to create applications for drones 
using APIs and software development kits. It is an operating system based on 
Robot Operating System and Linux OS, and it is compatible with many 
companion computers such as Raspberry Pi 3, Intel Edison, and Nvidia TX1. 
FlytOS communicates with the flight controller using MAVLink, and the APIs use 
a variety of architectures and languages such as Python, C++, and REST. 
Applications can be built to serve a variety of purposes such as connecting to the 
cloud, flight control, object detection, and obstacle avoidance. For example, 
sensors can be integrated with FlytOS to create wonderful obstacle avoidance 
and detection applications.  
 
For example, data captured by a sonar sensor can be sent to a flight controller, 
which can transmit it to a companion computer. There the application can 
process the data and navigate the drone around the obstacles. In addition, 
FlytOS also allows developers to create ground station applications for web or 
mobile. FlytSDK comes with FlytOS and it is a software development kit which 
comes with templates that can be used to build drone applications. FlytSIM is a 
simulator which can be used to test drone applications without actually taking the 
drone in the field. [77] 
  
DroneKit 
 
DroneKit is an open-source platform which allows developers to create 
applications for drones using a software development kit. Applications can be 
created that will run on a companion computer and they can be used for obstacle 
detection/avoidance tasks, flight control algorithms, or even 3D modeling. Web 
applications can be created that can upload flight data and video to the cloud, 
and ground control station applications can be created for laptops. The software 
uses MAVLink to communicate with the flight controller, and is compatible with 
ArduPilot supported flight controllers. DroneKit is compatible with companion 
computers which run Linux and support Python. Some examples include 
Raspberry Pi 3, Intel Edison, and Odroid. DroneKit can allow the developer to 
configure drone state and telemetry settings, guide the drone to waypoints, and 
plan autonomous missions. [78] 
 
 
 

6.8 Entity Relationship Diagram 
 
An entity-relationship diagram is a diagram which shows different components or 
entities within a system and the relationship between them. Figure 35 below 
shows the entities that are involved in this project and how they come together to 
control the UAV and help it navigate across the course. 
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Figure 35:  Entity-Relationship (ER) Diagram for the Autonomous Drone 
 
  
One entity is the Ground Control Station. The Ground Control Station involves 
the application Mission Planner in which the developer can see the track of the 
drone as it flies in the field. The user can also plan autonomous missions and 
load them onto the flight controller using this application. The Ground Control 
Station in this diagram also represents a Personal Computer by which a 
developer will program a companion computer. Software development kits such 
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as FlytOS and DroneKit are used to program path-planning, object detection, and 
collision avoidance algorithms on the Companion Computer. The GCS is also 
responsible for receiving the video which is streamed wirelessly from the camera 
on the drone. 
  
Another entity is the Pixhawk flight controller. In our project, the flight controller is 
responsible for navigating the drone and controlling its characteristics such as 
altitude, position, and speed. The flight controller receives sensor data from 
sensors such as LIDAR, GPS, Accelerometer, Barometer, and Magnetometer, 
and sends it to the  Companion Computer which is the Raspberry Pi 3. The 
Raspberry Pi 3, which is another entity, analyzes the data and makes decisions 
about the path of the drone.  
 
For example, if it is detected from LIDAR that the drone is about to approach an 
obstacle, this data is analyzed by the Raspberry Pi 3 and it calculates a new path 
for the drone such as it successfully avoids the obstacle. Then, the companion 
computer sends the path as commands to the flight controller, which in turn uses 
the commands to control the drone. The companion computer is good for running 
computation-intensive algorithms and image processing and is also responsible 
for detecting targets using the on-board camera.  
 
The camera, another entity in this system, is responsible for capturing video of 
the surroundings and sending this to the companion computer and ground 
control station. The companion computer extracts frames from the video, and 
uses the frames to figure out if a target has been detected. If it has, it sends a 
new flight path to the flight controller, so that the drone can pursue the target that 
has been found. 
  
In the case that damage is does to the UAV and it is not able to function properly 
a remote controller was used so that the developer can manually control the 
drone and safely return it to the base station.  

 
 

6.9 Target Detection Flow Diagram 
 
Detecting the target and pursuing it is one of the main goals of the drone in our 
project. There were decoys present in the course that the drone has to know to 
ignore, and it has to efficiently pursue a target until it has been hit and even 
crashed to the ground. The target detection flow diagram below shows the steps 
the software takes in order to search and pursue a target. 
  
First, the target that needs to be found is programmed on the companion 
computer before the mission starts. Then, the drone begins its predetermined 
mission throughout the course. This predetermined mission throughout the 
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course involves the drone going through specific waypoints in a certain fashion. 
For example, the drone starts by circling the outer perimeter of the course, and 
then it slowly comes towards the center. At times, it hovers in one place and then 
zig zags in the area of the course.  
 
The main point is the drone travels in predetermined irregular patterns during the 
10 minutes that are allotted for the competition. During this time, the camera 
captures live video of the surroundings, and the companion computer extracts 
the frames and checks if the drone is near a target. If a target is near, the drone 
switches from search mode to pursue mode. The UAV speeds up and the 
companion computer attempts to calculate a new flight path. It analyzes the 
images and compares the current position of the drone and the position of the 
target. Then it creates a flight path in which the target remains in the center of the 
drone’s view. 
  
After creating a new path, the software checks if the target is still in view and if it 
is relatively near, around 50 centimeters. If so, the UAV speeds up even more 
and attempts to collide with the target. If a successful collision is detected by the 
sensors, the drone resumes search mode. If the UAV loses view of the target 
while pursuing it, it resumes search mode. 
 
There are multiple actions that the software can take after a collision has 
occurred. Based on the rules, the drone can only hit a target once per ten 
seconds. So, based on this, after the drone has collided with the enemy target it 
can either continue with search mode or another mode can be created. For 
example, wait mode can be created such that after the drone has detected a 
target and collided with it once, instead of resuming search mode, it can continue 
to follow it for 10 seconds but not collide with it. Once, the 10 seconds are over, 
the drone can resume pursue mode and collide with the drone.  
 
If this approach is taken, the drone will alter between wait mode and pursue 
mode for most of duration of the competition. The advantage to this approach is 
that the drone doesn’t have to waste time by resuming search mode  and 
attempting to find the target again. By using wait mode, the drone can follow one 
target during the whole competition time and never lose sight of it.  This concept 
is represented by Figure 36 below.  
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Figure 36:  Flow Diagram Depicting Target Detection 

 
 
 
 
 
6.10 Software Design and Strategy 
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The software of our project involves the combination of multiple modules working 
together to help navigate the drone through the air. When designing software for 
this drone, we made sure we were meeting not only the functional requirements 
but also performance requirements and goals. In addition, the goal was that the 
design be modular and well-defined, so that each module has a clearly defined 
function and a specific input and output. 
  
Our software has an architecture similar to the combination of peer-to-peer and 
client-server. Multiple modules work together, some modules act as both client 
and server, while some work as either client/server. For example, the flight 
controller acts as a server as it provides the companion computer sensor data 
and it also acts like a client as it receives instructions for the flight path from the 
companion computer. The companion computer acts as a client when it receives 
the video stream from the camera, and it acts as server when it processes the 
images and calculates a new flight path to send to the flight controller. The 
ground control station acts as a server for the companion computer in the case 
that the drone fails and needs to be controlled manually. It also acts like a client 
as it receives video stream data from the camera. 
  
In addition, we designed the software so that it is modifiable in case we want to 
make design changes. This was achieved by applying the concepts of 
modularity, coupling, and cohesion. Modules were created so that they were 
loosely coupled and separate from other modules. One module was responsible 
for a single function in the system and did not have a lot of control over any other 
module. It was highly cohesive, and all its inner elements worked together to 
provide the single function that the module was responsible for. By using 
coupling and cohesion, we were able to create software that is easy to develop, 
change, and debug. 
  
There are many software design models such as the Waterfall model, 
Prototyping model, or Agile model. We decided to go with Agile model as with 
this method there are many iterations of software development and this allows for 
change in design and requirements. A high-level plan of the features to be 
implemented is suitable with the Agile method and it doesn’t require having a 
detailed design beforehand. By using this method, the developer can design, 
implement, and debug each module separately with each iteration. The Agile 
method was a good process to use for our team as we were working with a large 
team composed of many engineering disciplines. There were many instances 
where we had to change our initial design proposal or change parts of the 
software we developed so that we could integrate it with the modules the other 
members were developing. By using Agile, we were able to rapidly develop 
software for different parts of our system and we had the option to change any 
parts if needed in an efficient manner. [79] 
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7.0 Project Specifications and Testing 
  
Once we have an established a prototype, we will work with the mechanical and 
aerospace teams to make sure that all of the hardware functional requirements of 
the system are met.  In order to test our system, we will create a practice field 
with measurable heights, specific objects including those that look like 
quadcopters, but also objects that do not.  We will test the first person video 
camera by using our laptops, and we will test the rangefinder by checking basic 
distances.  We will also test to see how well-integrated our sensors are, and 
confirm their coordination within flight.    
 
From software standpoint, we will set up unit tests to check verify invalidate 
specific classes and methods.  We will use these unit tests to ensure that the 
code is operating correctly.  Alternatively, we can simply create test cases for the 
quadcopter based on various requirements, to make sure that all software 
functional requirements are met.  Since our products is primarily used for a 
demonstration for Lockheed Martin, and not to be commercially used, we don't 
need to focus too much on perfecting code algorithms or reducing memory usage 
as much as possible. Rather than focusing on the software details, we created a 
variety of classes that were able to assist us within the object detection software 
of our drone.     
 

7.1. Tradeoffs Between Thrust and Weight 
Electronic Speed Controller (ESC) 

 
The electronic speed controller (ESC) is a subsystem that will take signals from 
the flight controller and translate them to appropriately control the speed of the 
motors.  This chip is essential and with a higher quality product comes more 
stability in flight control. If we have a drone that cannot hover or maneuver 
steadily we may run into issues in terms of the precision of our detection and 
tracking algorithms.  

 
Electronic Speed Controller Options 

 
The type and size of motors and propellers will impact the choice in ESC. The 
ESC’s firmware, communications protocol, and programming capabilities are 
another consideration. Since there are so many options including flight controller 
ESC hybrids we will narrow down our choices to a few ESC’s that will support a 
larger drone and a few ESC’s that will support a smaller one and compare our 
results separately. 

 
The amount of amp output is the most important factor in an ESC. Generally, we 
were looking at amperage outputs of 12A-40A. Some ESC’s will have two types 
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of current ratings a continuous rating, which is the safe amperage output an ESC 
can emit continuously and the burst rating which is a higher current rating for 
small segments in time where a drone may need to make an evasive maneuver 
requiring a lot more power than a hovering or slow-moving scenario.  We will 
keep in mind that there were a point of diminishing returns once the ESC gets too 
heavy by increasing the amperage capabilities. 

          
Many ESC circuits have battery eliminator circuits (BEC) to power the FC and 
other components. This feature will bring noise and weigh more than others with 
the addition but has the advantage of powering multiple components with one 
source. We will likely pick an ESC without a BEC because we plan to have our 
PCB designed as a voltage converter to distribute power throughout all 
subsystems.  

          
Some extra ESC features we will look into are active braking, hardware PWM, 
and a dedicated gate driver. Active braking and hardware PWM are what 
improve the steadiness of the drone and create a smaller response time between 
when a command is issued and executed creating tighter controls. The dedicated 
gate driver will improve the drones braking capabilities. A dedicated gate driver in 
an ESC takes a small amount of input power and amplifies it to produce high 
current for a short period of braking. 

          
The main two types of firmware available for ESC circuits are SimonK and 
BLHeli.  Performance wise both firmware have approximately the same 
capabilities but differences lie in the fact that the BLHeli firmware allows 
configurability through a GUI as well as the fact that SimonK is slowly losing a 
following because it no longer gets developer updates like BLHeli does. There 
are also certain custom firmware that some chips use on the market which we 
may look into if there are an abundance of decent ESC’s with firmware other than 
SimonK and BLHeli. [80] 

 
ESC’s have different communications protocols to talk to the system flight 
controller. Each protocol like in a processor is better suited for certain things and 
some are faster than others. The main protocols are Oneshot125, Oneshot42, 
Multishot, Dshot (multiple iterations), Proshot, and the original standard PWM 
which is the slowest of communications protocols.  

 
The latest iteration of Dshot (Dshot1200) is the arguably the quickest protocol at 
around 13-14 microseconds to obtain a signal from the FC to the ESC. 
Dshot1200 is a digital ESC protocol whereas most are analog. This protocol has 
data error rejection built into its control system, as well as higher resolution and 
more accurate data. This protocol seems to be the latest and greatest so most of 
our research will focus on finding chips with this protocol. 

 
Multishot is one protocol that we will also consider because it is the fastest of 
analog protocols. It is also arguably the fastest protocol because it has a variable 
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length to obtain signals from the FC of as low as 5 microseconds and up to 25 
microseconds.  This was another protocol to consider as we need the fastest 
possible response times. [31], [81] 

 
Lastly, ESC’s use either 8 or 32-bit processors including processors from ATMEL 
and SILABS. While the 8-bit processors are still viable, the 32-bit processors 
naturally offer more features given the higher processing power. [82] 

 
Electronic Speed Controller Research 

 
Wraith32 

          
The Wraith32 is a 32-bit ESC for larger drones that uses the BLHeli firmware. It 
is a small, light-weight, powerful ESC that provides 35 amps to the motors and 
runs with a 32-bit ARM microcontroller (MCU.)  It also uses the desired 
Dshot1200 protocol offering a low latency. Some additional features include a 
built in current sensor, current and voltage limiting protecting against any 
malfunctions the ESC may have.  This ESC is compatible with the BetaflightF3 
flight controller and runs on a 32bit ARM MCU. 

 
Dimensions:                        L: 15mm W: 30mm 
Weight:                                N/A 
Firmware:                            BLHeli_32 
Protocol:                             Dshot1200 
Voltage Input:                      2-6s Lipo 
Amperage output:               35A 
Cost:                                    ~$15.00*4 = $60.00 without shipping 
[83] 
 

Racerstar RS30A 
          

The Racerstar is a cheap ESC option that is also very small and lightweight. This 
circuit offers a continuous 30A output current with burst currents of up to 35A for 
about 10 seconds.  This circuit does not offer a BEC and supports multiple 
protocols including Oneshot125, Oneshot42, and the desirable Multishot 
protocol. This product often receives favorable reviews on hobby websites and 
runs on EFM8BB21F16 16-bit Silicon labs MCU. 

 
Dimensions:                        L: 13mm W: 28mm 
Weight:                                6.26g 
Firmware:                            BLHeli_S 
Protocol:                             Oneshot125, Oneshot42, Multishot 
Voltage Input:                      2-4S Lipo 
Amperage Output:              30A 
Cost:                                    ~$12.00*4 = $48.00 without shipping 
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[84] 
 

Racerstar Star30 
 
The Racerstar Star30 is a unique ESC in that it is a 4 in 1 circuit so you only 
need to purchase 1 to send signals to all 4 motors of the quadcopter. The 
product is split into 4 identical circuits that can be placed anywhere on the frame 
for a more modular weight distribution if necessary. A downside of many of these 
4 in 1 circuits is that if 1 circuit breaks all 4 need to be replaced. In this case the 
cost savings come with a risk of being cost ineffective.  This particular 4 in 1 
circuit has a continuous current output of 30A with bursts of up to 35A. It does 
not include a BEC but supports Dshot600, Oneshot125, and multishot and uses 
the BLHeli_S firmware. 

 
Dimensions:                        L:36mm W: 36mm 
Weight:                                25g 
Firmware:                            BLHeli_S 
Protocol:                             Dshot600, Oneshot125, multishot 
Voltage Input:                      2-5s Lipo 
Amperage Output:              30A 
Cost:                                    ~$40.00 without shipping 
[84] 

 
KISS 24A 

 
The KISS 24A like its name suggests is an ESC with a 24A continuous output 
current. Although this is a lower output amperage than other options we’ve 
looked at, having a lower output means cooling issues were nonexistent making 
the circuit more reliable. The product features a 32-bit ARM Cortex MCU clocked 
at 48 Mhz. It has burst amperage outputs capping at 30A and a subsystem that 
shuts down the unit when it exceeds 120 degrees Celsius making the product 
even more reliable.  The KISS 24A has its own firmware and uses protocols 
Oneshot42, Oneshot125, as well as standard PWM. This option offers a very 
reliable yet slower choice that we may consider if speed tends not to be as big an 
issue as foreseen. 

 
Dimensions:                        L: 19mm W: 27mm 
Weight:                                3.53g 
Firmware:                            KISS firmware 
Protocol:                             Oneshot42, Oneshot125, Standard PWM 
Voltage Input:                      2-5s Lipo 
Amperage Output:              24A 
Cost:                                    ~$22.00 * 4 = $88.00 without shipping. 
[85] 
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ESC Comparison / Conclusion 
 

This section will compare the specifications of each researched ESC option. 
Below is Table 9 showing our options side by side with the final decision 
highlighted. 
 

Table 9 : Electronic Speed Controller (ESC) Comparison 

Specifications Wraith32 RacerStar 
RS30A 

RacerStar 
Star30 

KISS 24A 

Dimensions 15 x 30mm 13 x 28mm 36 x 36mm 19 x 27mm 

Weight N/A 6.26g 25g 3.53g 

Firmware BL_Heli32 BL_HeliS BL_HeliS KISS 

Desired 
Protocol 

YES YES YES NO 

Voltage Input 2s – 6s Lipo 2s – 4s Lipo 2s – 5s Lipo 2s – 5s Lipo 

Amperage Out 35A 30A 30A 24A 

Cost ~$60 ~$48 ~$40 ~$88 

  
The ESC we choose will depend on weight testing done after a frame has been 
decided on. The mechanical and aerospace teams will get a thorough 
understanding of the capabilities of the frame with all components fixed on it. 
Calculations will then be made to determine the necessary thrust required by the 
motors and in turn ESC’s were chosen alongside propellers.  
 
8.0 Administrative Content 
 
Ensuring that the project is completed in a timely manner and within the given 
budget of $2,000 is of the utmost priority.  To that end, efforts have been made to 
keep the project organized and the progress of the project easily determined. 
 

8.1 Project Milestones 
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SYSTEM DESIGN DATE TO BE COMPLETED 

10 Page Divide and Conquer Document Friday, September 22, 2017 

60 Page Senior Design Document Draft 
Due 

Friday, November 3, 2017 

Get Funding to Order Parts Friday, November 3, 2017 

FPV Camera and PCB Sunday, November 12, 2017 

Power Supply Sunday, November 15, 2017 

100 Page Submission of Senior Design 
Document 

Friday, November 17, 2017 

Sensors Sunday, November 29, 2017 

Flight Stability and Control Sunday, November 26, 2017 

Lockheed Martin Preliminary Presentation Thursday, November 30, 2017 

All hardware parts ordered Monday, December 4, 2017 

Final Document Due Monday, December 4, 2017 
 
 
SYSTEM IMPLEMENTATION DATE TO BE COMPLETED 

Power Supply Constructed Sunday, January 14, 2018 

Power Supply Tested Sunday, January 28, 2018 

Sensors Constructed Sunday, February 11, 2018 

Sensors Tested Sunday, February 25, 2018 

Collision Detection Tested Sunday, March 11, 2018 

Recovering from Collision Sunday, March 25, 2018 

Flight Stability and Control 
Constructed 

Sunday, April 1, 2018 

Final Testing and Debugging Sunday, April 8, 2018 

 
8.2 Budget and Funding 
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Our budget was primarily funded by Lockheed Martin.  Lockheed created a robot 
quad-copter competition for multiple teams to compete, so they receive all rights 
to our finished project and are also funding it completely.  Lockheed has 
presented us with $2000 total, $1500 for our “as demonstrated” cost (everything 
attached to the drone) to allow us to build, design, and test our system and 
determine progressively what changes must be made to meet all requirements. 
Below shows table 10 estimating the cost to complete our project. 
 

Table 10:  Estimated Cost to Complete Project 

ITEM QUANTITY PRICE 
ESTIMATE 

Quadcopter with FPV Camera, Altitude 
Sensors, and Programmable Flight 
Controller 

1 $1100 

Pixhawk Flight Controller 2 $330 

IR Sensors 4-5 $10 

Resistors 50 $3 

Transistors 30 $3 

Capacitors 30 $3 

Breadboard 4-5 $8 

Wires 100 $2 

Photodiode 3 $9 

Weights for Directional Control 2 $2 

Anti-Vibration Hardware Mounting 
Screws 

10 $9 

Sound sensors 3 $5 

Touch Sensors 5 $10 

Encoders 10 $350 

Custom PCB 5 $10 

Light Power Source 2 $12 
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Protective Collision Gear 1 $20-30 

Live Camera for Footage unless 
included with Drone 

1 $100-200 

Inertial Measurement Unit 2 $100 

Raspberry Pis 1 $5-10 

Soldering Iron 1 $30 

Range Finder 1 $30 

Tilt Sensors 3 $40 

Protective Cage around Drone 1 $20 
 
 
9.0 Conclusion 
  
In conclusion, this project has been an important learning experience for bringing 
a project concept to completion.  Through research, team collaboration, and time 
management, we created a design for a quadcopter that can effectively track 
enemy drones, communicate across multiple subsystems, and transmit real-time 
video wirelessly to a receiver.  We believe that we have sufficiently prepared to 
begin the preliminary testing and design for next semester to continue to improve 
our quadcopter, along with software and hardware tweaks as more changes are 
required.  This project has brought us together as a team to understand the risks 
involved within engineering projects, the commitment that it takes from each 
member to succeed within a design project, and the spread of ideas from one 
person to another. 
 
We struggled to combine software ideas with hardware ideas while working with 
the Mechanical and Aerospace engineering teams.  Ultimately, however, we 
managed to use these strengths and weaknesses to compromise and introduce 
new ideas into our systems and subsystems.  We hope that these ideas will 
continue to neatly integrate into next semester, and it has been an awesome 
opportunity to work within such a large team, with direct technical advice from our 
Lockheed mentors.   
 

10.0 Final Updates 

10.11 COMPETITION DAY  
On Saturday, April 14, 2018 at 7:00 a.m. Lockheed Martin hosted a competition 

to determine which team has produced the most effective drone prototype.  



 
 

EEL-4914 Robocopters Project 
 

 
 

119 

Located between the Engineering building and the Business Administration 
building, the competition was held outdoors.  The competition area was marked 
with red tape on the ground, indicating the boundary region in which in the 
drones should remain within. 

The prey drones in the competition will be of two main body types: a small 
rectangular drone approximately 3 inches wide and a slightly larger dome-
shaped drone approximately 5 inches wide.  While each of the two prey drone 
types come in only a few colors, Lockheed Martin indicated that the prey drones 
may be painted different colors not typically available for those drone models.  
There were also decoy versions of the prey drones in the form of printed pieces 
of paper depicting an image of the various prey drone types. 

During the competition each team had a set amount of time to have their 
prototype drone in the arena without the other team’s drone prototype drones in 
the competition arena.  Prey drones were then be introduced into the arena and 
will be flown by Lockheed Martin employees.  The prototype drone was then 
expected to fly around autonomously within the arena and locate the prey drones 
in order to intentionally collide with the prey drone.  Points were awarded for 
colliding with a prey drone, and more points will be awarded if the prey drone 
falls to the ground as a result of the in-air collision.  Points were deducted if the 
prototype drone targets one of the printed paper prey drone decoys, which will be 
placed around the arena.  Points were also be deducted if the prototype drone 
wanders outside of the arena boundaries, including going above the 40 feet high 
upper boundary.  Ultimately, our drone did in fact fly, our sensor collaboration 
was correct, and we used our autonomous mode called “Loiter” due to technical 
issues with the targeting mode.  Our targeting was spot on within the YOLO 
software, but unfortunately we had a variety of last minute issues that made it 
very difficult for us to integrate our tracking algorithms into our drone flight.  We 
made it so close to connecting the FPV camera with our drone, but due to lack of 
experience with using our TX1 microcontroller, we could only demonstrate it on 
our computers, unfortunately not on competition day.  It should be noted that 
within this competition, the team that won did so with zero points - because the 
project was so complex. 

 

10.12 PROTECTIVE CAGE ENCLOSING DRONE 
 

To protect the prototype drone from being damaged while colliding with a prey 
drone, a 3 foot by 3 foot by 1 foot cage has been constructed to enclose the 
prototype drone.  The supporting frame of the cage is composed of PVC pipe, 
providing a sturdy, light structure.  The sides of the cage are enclosed with 
lightweight, plastic chicken-wire fencing. 
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Figure 38:  Protective Cage Enclosing Prototype Drone 

  
Initially, the protective cage was planned to be composed of carbon fiber tubes 

as the supporting frame and transparent polycarbonate tubes to cover the sides 
of the cage.  While this design was anticipated to be high structurally sound, it 
was soon realized that these materials would drastically increase the weight of 
the drone.  The design decision was therefore to go with the aforementioned 
PVC pipe and plastic chicken-wire design for the prototype drone cage. 

 

10.13  NETWORK AND COMMUNICATION 
 

The prototype drone can be controlled autonomously or manually.  
Autonomous control of the drone is performed via commands sent from the 
NVIDIA TX1 Jetson module to the telemetry port of the Pixhawk flight controller.  
This is the method by which all commands to the drone will be sent during the 
competition to ensure that the drone meets the autonomous flight design 
requirement of our sponsor, Lockheed Martin.  Manual control of the drone can 
still be performed via a remote control which wirelessly sends flight commands to 
the radio port of the Pixhawk flight controller.  Moreover, a flight control mode has 
been implemented into the remote control to provide a manual override 
command to ensure that an operator on the ground can take full command of the 
drone if needed, thus instructing the drone to ignore all autonomous flight 
commands sent to it via the NVIDIA TX1 Jetson module. 
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Figure 39:  Network Diagram of Drone Controls and FPV 

  
First Person Video (FPV) is provided via the use of a high-definition camera 
which streams live video to the NVIDIA TX1 Jetson module, which then transmits 
the data over Wi-Fi to a nearby router.  Bystanders on the ground within the 
vicinity may connect to the router to view the live FPV with a Heads-Up-Display 
(HUD) overlay depicting relevant information, such as altitude.  If any prey 
drones have been detected then the HUD will also display a bounding box 
around the identified prey drone to indicate the location of the prey drone within 
the camera frame. 
 
 
 

10.12 HARDWARE DESIGN DECISIONS 
 

Prior to purchasing any of the hardware components for the drone prototype, 
our team carefully compared the various options on the market for each of the 
major hardware components.  Special consideration was granted to products 
which not only met our design requirements, but was also easy to integrate with 
the other hardware components, included thorough documentation, and could be 
shipped to our location within a few days. 

Very early within the design phase, our team decided to create two drones: a 
large drone which will be used during the competition, and a smaller drone which 
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will serve as a test bench for debugging and experimentation while the large 
drone is still being constructed.  This design decision proved to be exceedingly 
useful, providing our 13 person team with valuable information from lessons 
learned while building and experimenting with the smaller test drone.  When it 
was time to construct the large, main drone our team had a much more clear 
idea of what to do and what not to do, thus saving precious time and resources. 

A. On-Board Embedded System 

Considerable computational processing power would be required to detect the 
prey drones and to run the autonomous flight algorithms.  The convolutional 
neural network (CNN) implemented to identify the prey drones is particularly 
taxing on the system resources and is highly GPU intensive.  While a desktop or 
laptop computer with a dedicated GPU could provide more than enough system 
resources to smoothly run the CNN, such hardware is not an option for this 
project due to the design requirement that all processing be on-board the drone.  
The embedded system chosen must be light enough to easily be carried by an 
aerial drone, yet powerful enough to smoothly run the CNN and autonomous 
flight algorithms. 

Of the many embedded systems considered, 3 stood out as potentially viable 
options: Raspberry Pi 3 Model B, BeagleBoard, NVIDIA TX1 Jetson module, and 
the newer NVIDIA TX2 Jetson module.  Table 11 below summarizes the main 
specifications of these 4 embedded systems. 

  
 

System Rasp. 3 B.Board TX1 TX2 

CPU ARM A53 ARM A8 ARM A57 Dual-Denver 
+ Quad ARM 

GPU none none 256 
CUDA 

256 CUDA 

MEMORY 1 GB 256 MB 4 GB 8 GB 

STORAGE Flash Flash 16 GB 32 GB 

Table 11:  Comparison of potential embedded systems  
  
Upon realizing that a CNN would be necessary to detect the prey drones, the 

Raspberry Pi 3 Model B and the BeagleBoard had to be ruled out as possible 
choices for the embedded system, due to low memory and lack of a dedicated 
GPU.  The new NVIDIA TX2 Jetson module therefore seemed like a prime 
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choice for the embedded system.  However, at the time of writing this paper, the 
NVIDIA TX2 is a very new product and is woefully lacking in proper 
documentation.  Even more concerning were a plethora of customer reviews 
online and reports from fellow engineering students who purchased the NVIDIA 
TX2 that the system is buggy and does not yet have properly working drivers for 
some of the I/O ports.  The design decision was therefore made to purchase its 
predecessor, the NVIDIA TX1 Jetson module, which has a very well-established 
wealth of documentation and also still has 256 CUDA cores. 

B. Flight Controller Module 

While the NVIDIA TX1 Jetson module will handle all of the on-board 
computational processing, the motors of the drones must be controlled by a flight 
controller.  The flight controller is able to interact with the motors via an Electronic 
Speed Controller (ESC), one of which is connected to each of the 4 drone 
motors.  The desired flight controller must be capable of converting basic 
navigation commands sent from the remote control or the NVIDIA TX1 Jetson 
module into commands which can be interpreted by the ESC to spin each of the 
4 drone motors appropriately to perform the desired aerial maneuver.  Special 
consideration was given to flight controllers which have various sensors built into 
them, including a magnetometer, barometer, and an Inertial Measurement Unit 
(IMU). 

Quite soon it became apparent that the Pixhawk line of flight controllers is the 
industry leader for consumer drone projects.  There are a wide array of generic 
flight controllers readily available on the market, but these flight controllers were 
found to be far less compatible with other drone components.  With Pixhawk as 
the industry standard, so many vital drone components have been designed to 
be compatible with Pixhawk, often only requiring that the component be plugged 
into the Pixhawk for it to function correctly.  After careful consideration it was 
decided that the Pixhawk 1 flight controller is the best option for our project.  
There is a smaller version of the Pixhawk 1 called the Pixhawk Mini, but it costs 
$50 more than the Pixhawk 1 and the size difference is negligible in contrast to 
the large size of our drone.  There is also a newer Pixhawk 2 flight controller, 
though it is as much as $100 more expensive than the Pixhawk 1. 

C. First Person Video (FPV) Camera 

The camera is a vital component to the autonomous drone project, serving as 
the means by which prey drones are detected.  Such a camera would need to be 
able to see the small prey drones with some detail at distances up to 40 feet, the 
length of the competition area.  Moreover, the camera would need to be able to 
stream FPV continuously to the NVIDIA TX1 Jetson module, ruling out all 
cameras which can only store video footage to writable forms of media such as 
to flash memory cards. 
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To determine the necessary camera resolution required to effectively identify 
prey drones, tests were performed with various cameras of differing resolutions 
and image quality.  There are a wide array of high-definition (HD) cameras on the 
market at a low cost.  However, a major concern of this project was that the 
NVIDIA TX1 Jetson module would be not be capable of processing a continuous 
stream of HD video nearly as quickly as it could process lower quality video at a 
reduced resolution.  The convolutional neural network (CNN) is particularly 
resource intensive to run, especially for processing real-time video. 

It was soon realized that the CNN could not reliably identify prey drones at a 
distance if the camera utilized is of a lower resolution and image quality.  Utilizing 
cameras with a low Megapixels (MP) rating of 5.0 MP or below demonstrated 
that any prey drones at a distance appeared to be little more than a few blurry 
pixels, providing very little detail for the CNN  to analyze.  Further testing and 
research also revealed that the quality of the camera sensor quality is a critical 
factor.  Having a high MP rating merely denotes the amount of pixels utilized to 
represent the image, but the MP rating alone does not explicitly describe the 
quality of the image produced. 

To find a viable balance between providing HD video and not taxing the system 
resources of the NVIDIA TX1 Jetson, the design decision was made to utilize a 
1080p camera.  The particular model chosen is the WIMIUS Q2, 12 MP Action 
Camera which is capable of streaming video via USB.  An appealing feature the 
WIMIUS Q2 is the fish-eye lens, which provides a 170 degree field of view (FoV).  
While it is true that a fish-eye lens does have some distortion around the edges 
of the image, typical cameras have a smaller FoV and thus less peripheral vision.  
Prey drones which are within the edges of a fish-eye lens camera will appear 
slightly distorted, but a camera with a normal lens would not be displaying these 
far peripheral edges of the image at all.  It would therefore be more useful to see 
a distorted image of the prey drone along the periphery and possibly still be able 
to detect the prey drone, than to not see the prey drone at all. 

 

10.13 PREY DRONE OBJECT DETECTION 
 

The most mission-critical aspect of the project is the ability to detect nearby 
prey drones.  Without this functionality, the resulting prototype would only be able 
to blindly fly around at best, entirely oblivious to any prey drones which may or 
may not be in the vicinity.  This is made possible by streaming FPV via the 
WIMIUS Q2 Action Camera to the NVIDIA TX1 Jetson module, which runs an 
object detection algorithm on each frame to determine if a prey drone is currently 
in sight of the drone.  A wide array of object detection algorithms were tested and 
evaluated for effectiveness.  The primary object detection algorithms which were 
most promising are discussed below. 
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A. Template Matching 

Perhaps the most simplistic solution is to use a template matching object 
detection algorithm.  The template matching algorithm is setup by providing it 
with a sample image of the object which the algorithm is to detect.  Thereafter, 
the algorithm can analyze images or video to see if that exact template image is 
present within the frame.  In order for a match to occur, every pixel of the 
template image must match up perfectly within the image or video which the 
template matching algorithm is analyzing.  While easy to implement, template 
matching is extremely inaccurate for real-time video applications. 

  

B. Color Histogram Analysis 

An alternative method for detecting objects is to deploy a color histogram 
analysis algorithm.  A template image is provided, which is then analyzed to 
determine how much of each color range is present within the template.  For 
example, if the template image is of a blue ball in front of a yellow background, 
then the resulting color histogram might state that the template image is 60% 
blue and 40% yellow, for example.  The color histogram analysis algorithm then 
searches an image or video for a region in which there is also approximately 60% 
blue and 40% yellow. 
 
Color histogram analysis works quite well for identifying objects which have been 
rotated, since a successful object match is based upon recognizing similarities in 
the amount of each color. Problems arise, however, when the lighting of the 
template image is different from the lighting of the image being analyzed.  For 
instance, if the template image was taken in a dark room and the image being 
analyzed was taken in a well-lit room, then it would be unlikely that the algorithm 
could successfully detect the object.  This drawback makes the color histogram 
analysis algorithm a poor choice for our project.  Moreover, it is unknown what 
the colors of the prey drones will be, since Lockheed Martin has indicated that 
some of the prey drones will be painted to alter their default colors. 

C. YOLO Convolutional Neural Network (CNN) 

The solution chosen for this project to detect prey drones within a live stream of 
video, is the You Only Look Once (YOLO) convolutional neural network (CNN).  
YOLO is trained by providing thousands of images with XML annotations which 
describe the bounding boxes around the prey drones within the images.  The 
particular version of YOLO utilized for this project is Tiny YOLO, a streamlined 
version of the YOLO CNN which provides efficient object detection at a reduced 
cost to system resources.[87]This is particularly useful since a key design 
requirement of the project is that all processing be performed on-board the 
drone.  YOLO is able to run faster than most CNN as a result of YOLO applying 
the CNN to the entire image once, whereas traditional neural networks often run 
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the network across an image in many locations.  Therefore,  the YOLO network 
requires only one evaluation per image whereas traditional networks can require 
thousands of evaluations.[86] 

  

 
Figure 40:  Network Diagram of Drone Controls and FPV 

 
  

10.14 SENSOR COLLABORATION 
 

The two main sensors included in this system are the LiDAR rangefinder and the 
optical flow sensor. We opted not to use a GPS component to determine our 
position, altitude, and heading because of the nature of the competition location. 
GPS signal in between buildings were inaccurate and altitude measurements 
from the flight  controller barometer were difficult to calibrate and   inaccurate at 
best. Both the LiDAR and optical flow sensors  together work to replace the 
functionality of a GPS and can even successfully work indoors. 

A. Optical Flow 

An optical flow sensor is a low resolution downward pointing camera that 
compares ground detail in consecutive frames. The difference in ground features 
from frame to frame along with the systems gyros give an accurate velocity and 
position value measurement to the flight controller. In autopilot flight modes such 
as loiter, and position hold the aircraft can remain extremely stable at a 
consistent location or heading. This stability is necessary for our systems object 
detection algorithm accuracy and for eliminating drift to stay within boundaries. 
Calibrating and testing the sensor required focusing the lens and running a few 
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flight tests to ensure the flight controller IMU and optical flow are consistent in 
their x and y positions respectively. (Shown in figure X.) The optical flow sensor 
we chose was the PX4FLOW; this sensor is highly sought after for its accuracy 
and compatibility with the Pixhawk flight controller but will only work with an 
accurate rangefinder. 
 

 
 

Figure 41:  Optical Flow Sensor Callibration 
 

B. Rangefinder 

The purpose of the rangefinder is to give accurate altitude measurements for our 
flight controller in place of a barometer. It is essential for the optical flow to work 
accurately and is a requirement for compatibility with the flight controller. We 
chose the Benewake TFMini LiDAR because of its size, price, reliability, and 
accuracy as a rangefinder. This rangefinder communicates serially through the 
Pixhawk serial 4/5 or telemetry 2 port. Configuring the LiDAR was extensive and 
required quite a few steps including an FTDI serial to USB converter. 
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Figure 42:  Lidar Sensing Data 

 
  

After soldering the LiDAR serial cable to the FTDI chip we were able to configure 
the LiDAR module through the Benewake GUI to output in a decimal format (the 
flight controllers designated input/output format for data) rather than its 
preprogrammed hexadecimal output format. We used Tera Term, an open 
sourced terminal emulator to ensure we were outputting in the correct format 
before we  unsoldered and re-soldered the serial cable. There were quite a few 
parameters to configure in the mission planner software which enable this 
particular LiDAR and that disabled the use of a GPS module. (The flight 
controller will not arm or take off until you disable the GPS functionality.) 

 

10.14 FLIGHT CONTROL SOFTWARE 
 

Throughout the development of this project various free software tools were 
implemented to speed up the design process. These tools were extremely useful 
and sometimes irreplaceable for configuring the hardware.  
A. Mission Planner 

Mission planner is the software we used to incorporate and configure sensors 
with our flight controller. The software provides an easy way to program flight 
modes, test motors, calibrate peripherals, and upload firmware. Another great 
feature of the mission planner software is the pre-arm check feature which 
ensures critical systems are functioning properly before taking off. 

Calibrating the frSky Taranis radio transmitter through mission planner allows 
for accurate manual control of the quadcopter by setting minimum and maximum 
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PWM signals for all switches and sticks Switches on the Controller can be set to 
a specific PWM frequency and within mission planner can be programed to 
initiate autonomous flight as a failsafe. One switch signal is set to immediately 
land, one signal is for hold position, and one for a preprogrammed mode 

Calibrating the flight controller accelerometer is an essential part of flight only 
accessible through mission planner. Accelerometer calibration involves placing 
the drone flat on all of its sides consecutively to allow the IMU to understand 
where it is spatially. This allows the drones PID settings to autocorrect if the 
drone’s stability becomes unnecessarily disrupted. 

B. DroneKit 

DroneKit is an open-source platform which allows developers to create flight 
control, obstacle detection/avoidance, and computer vision applications. The 
software uses MAVLink to communicate with the Pixhawk flight controller and is 
also compatible with our companion computer, the Nvidia Jetson TX1.  The 
advantage of DroneKit is that the code is written in Python and it is much easier 
to understand than the code for the ArduPilot firmware which runs on the 
Pixhawk. 

In this project, DroneKit was specifically used to integrate the computer vision 
algorithms with the flight control algorithms and program the search mode. For 
the search mode we used a yaw command in DroneKit which rotated the drone 
in place for 10 degrees. It continued to rotate the drone 10 degrees until a prey 
drone was detected in the frame. After the drone was detected using Tensorflow 
and Tiny Yolo, we performed some calculations to figure out the exact angle and 
the x,y,z velocities that the drone needed to travel to pursue the drone. Using 
these calculations, we fed the angle into the yaw function and the velocities to 
the velocity function. 

IX. AUTONOMOUS FLIGHT CONTROL STRATEGIES 
The flight mode describing how to autonomous control the drone when a prey 

drone has not yet been found, is referred to as “search mode”.  If a prey drone is 
identified, then the autonomous flight control algorithm switches to a mode 
referred to as “pursuit mode”. 
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Figure 43:  Data Collected for Autonomous Flight Algorithms 

 
  
Once YOLO has processed an image and detected a prey drone, the 

autonomous flight algorithm collects useful data from the image, including the 
bounding box dimensions in pixel-space and the mid-point of the detected prey 
drone.  A displacement vector in pixel-space is then calculated. 

 
 

 
Figure 44:  Displacement Vector in Pixel Space is calculated 

 
  
This pixel to degree ratio was then normalized so we could use any resolution 

camera with our algorithm. Based on this idea, we created a similar algorithm to 
match the altitude of the prey drones within the z-axis. We measured the 
approximate height of prey drones and we knew the total pixel height of our 
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camera, 1080p. From there, we created a pixel-to- distance ratio that should 
theoretically allow us to move our drone the correct distance (up or down) based 
on where the prey drone located. 

 

 
Figure 45:  Normalized Displacement Vectors for any camera resolution 

 
  
There were many pitfalls with this approach, like the blurry edges of our fish-

eye camera, along with a difference between our drone and the simulation drone. 
However, given the time constraints and budget constraints, we believe this is 
the most effective approach to move our drone around the field to pursue the 
prey drones. Given the size difference between our drone and the prey drones (3 
feet versus 5 inches), we may even be able to make contact even if the algorithm 
ratios are not perfect. TensorFlow allowed us to run the 23,000 training data 
images through a neural network on the TX1 chip, and then use the detection 
results to navigate our drone around the field. To direct the drone autonomously, 
flight control algorithms were developed.  There are 3 primary flights: search 
mode, pursuit mode, and manual mode.  

  

10.15 POWER DISTRIBUTION CHANGES 

   Onboard the drone, we have several DC voltage sources -28 Volt 10000mah 
battery used to power the motors and ESCS.  We also used a 5500mah battery 
as a backup battery and two 4200mah batteries for the prototype quadcopter.  
Since each motor draws an approximate current of 30 amps, we have a total of 
120 amps running through our subsystem.  This large current amount 
unfortunately was not compatible with many of our connection joints, and we 
resoldered new connections to use a better current-rated connector.  
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   We used the PCB to power the Pixhawk, because our main power distribution 
board fried last minute due to high current levels. We were able to remedy this by 
providing Pixhawk with a steady 5 volts. Additionally, we decided to mount and 
power the NVIDIA Orbitty Carrier board, we required an additional DC voltage 
source and purchased a smaller, 9 Volt DC Battery.  All of our power 
management research enabled us to solve last minute problems like our battery 
fusing together from too much current flowing through each connector, and the 
power distribution board frying.  As a result, we were able to directly modify our 
hardware design to prevent any battery failures, fire risks, and other safety 
issues. 

 

10.16 CONCLUSION 
 

The Lockheed Martin Robocopter project has proven to be quite challenging, yet 
rewarding.  Much has been learned about concepts we previously knew very little 
to nothing about.  Creating both a large prototype drone for the actual 
competition, as well as a smaller drone for prototyping and testing, was an 
incredibly useful strategy which enabled our team to discover many solutions to 
common issues before experimenting with the large, prototype drone. 

Our team communication between each member was remarkably effective. 
When one member needed help in a particular area, 3 or 4 people would offer to 
jump in and help with any issues in any area – regardless of particular majors.  
Every single member of our team put in effort to ensure our success within this 
project, which is quite rare in larger projects like these.  

As a result, we were able to put our efforts together to achieve far more, and 
ensure that the bridge between hardware and software would allow us to fly 
effectively. Our team consists of Mechanical, Aerospace, Electrical, and 
Computer engineers, along with the Computer Science Team as well.  This multi-
disciplinary project gave us all a unique experience to learn about areas that 
integrate within other engineering fields, and also enabled us to learn the most 
effective ways to collaborate as a team. We were very pleased when our final 
flight tests reflected that immense effort.  By learning every possible failure and 
how to solve it – we learned how to succeed.  
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