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ABSTRACT 

The Implementation of a Heterogeneous Multi-Agent Swarm with 

Autonomous Target Tracking Capabilities 
 

by 

 

Michael Szmuk, M.S.E. 

The University of Texas at Austin, 2013 

Supervisor: Maruthi R. Akella 

 

This thesis details the development of a custom autopilot system designed 

specifically for multi-agent robotic missions. The project was motivated by the need for a 

flexible autopilot system architecture that could be easily adapted to a variety of future 

multi-vehicle experiments. The development efforts can be split into three categories: 

algorithm and software development, hardware development, and testing and integration. 

Over 12,000 lines of C++ code were written in this project, resulting in custom 

flight and ground control software. The flight software was designed to run on a Gumstix 

Overo Fire(STORM) computer on module (COM) using a Linux Angstrom operating 

system. The flight software was designed to support the onboard GN&C algorithms. The 

ground control station and its graphical user interface were developed in the Qt C++ 
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framework. The ground control software has been proven to operate safely during multi-

vehicle tests, and will be an asset in future work. 

Two TSH GAUI 500X quad-rotors and one Gears Educational Systems SMP 

rover were integrated into an autonomous swarm. Each vehicle used the Gumstix Overo 

COM. The C-DUS Pilot board was designed as a custom interface circuit board for the 

Overo COM and its expansion board, the Gumstix Pinto-TH. While the built-in WiFi 

capability of the Overo COM served as a communication link to a central wireless router, 

the C-DUS Pilot board allowed for the compact and reliable integration of sensors and 

actuators. The sensors used in this project were limited to accelerometers, gyroscopes, 

magnetometers, and GPS. 

All of the components underwent extensive testing. A series of ground and flight 

tests were conducted to safely and gradually prove system capabilities. The work 

presented in this thesis culminated with a successful three-vehicle autonomous 

demonstration comprised of two quad-rotors executing a standoff tracking trajectory 

around a moving rover, while simultaneously performing GPS-based collision avoidance. 
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CHAPTER 1 

INTRODUCTION 

1.1 MOTIVATION 

The objective of this thesis was to implement a multi-vehicle swarm comprised of 

different vehicle types, and capable of performing target tracking. The key challenge of 

this project was the selection, development, and integration of hardware and software. 

Special emphasis was placed on insuring system flexibility, as the capabilities developed 

in this work are intended as building blocks for more advanced experiments in the future. 

Additionally, to ensure safety and logistical feasibility, size reduction of airborne vehicles 

was a top priority. 

There are a number of off-the-shelf autopilots in existence today. Some of them 

are very sophisticated, expensive, and closed-off to the user, while others are cheap and 

completely open-source. At the onset of this project, it was clear that only open-source 

systems would be considered in order to provide the flexibility that the project would 

necessitate. However, not many systems openly advertise the ability to control multiple 

air vehicles simultaneously. Additionally, even if an affordable autopilot system that 

facilitated multi-agent control existed, it is unlikely that it would have much excess 

onboard computational power. As such, the autopilot system would either have to be 

augmented, or it would be unable to accommodate future system growth. 
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To achieve the project's primary objective, available off-the-shelf systems would 

impose a long familiarization period, require a substantial amount of modification, and 

most likely result in a suboptimal solution. Therefore, it was decided that a custom 

autopilot system was the best option for this application. While this option required a lot 

of ground work, the experience and flexibility gained during the development process 

proved to be invaluable. 

1.2 PROJECT OVERVIEW 

As a consequence of the objectives set forth in the previous section, this project 

involved a substantial amount of software and hardware development. The software 

developed in this project included flight and ground control components. The code was 

developed from the ground up with a multi-agent system in mind, and has been proven to 

be modular and robust through testing.  

The hardware development detailed in this thesis involved the design of a custom 

circuit board used to interface with the chosen vehicle computer system. The resulting 

circuit board helped reduce the size of the installation, resulting in a more compact, 

reliable, and safe vehicle. 

In the work presented in this thesis, three vehicles were integrated, two quad-

rotors, and one rover, as shown in Figure 1. All of the vehicles were fitted with the 

custom autopilot system. After extensive testing, the three-vehicle swarm successfully 

performed a flight demo where the two quad-rotors simultaneously executed a standoff 

tracking trajectory about the moving rover, all the while performing GPS-based collision 
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avoidance with one another. During this demonstration, the custom ground control 

system proved that a single operator could use it to command all three vehicles in 

autonomous mode simultaneously. The test demonstrated that the desired capabilities 

were attained. 

 

Figure 1: Vehicles used for development and testing 

1.3 THESIS OUTLINE 

This thesis will discuss the layout of the autopilot system as well as the decisions 

and rationale that shaped the system's design. The chapters are arranged as follows. First, 

background information is introduced in order to familiarize the reader with the notation 

and terminology used throughout this thesis. Then, the Guidance, Navigation, and 

Control (GN&C) algorithms are described, and rationale is provided for their selection. 

Next, the software and hardware layouts, decisions, and rationale are discussed. The 

thesis concludes with a thorough discussion of the tests performed, and a discussion on 

future work. 
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CHAPTER 2 

BACKGROUND MATERIAL 

2.1 OVERVIEW 

This chapter is intended to provide a brief review of relevant material, as well as 

to help familiarize the reader with the terminology and notation used throughout this 

thesis. The following sections introduce the relevant reference frames, and provide a 

review of coordinate transformations and attitude quaternion representation. 

2.2 REFERENCE FRAMES 

2.2.1 Notation 

Each of the coordinate systems described in the subsequent sections consists of 

three mutually orthogonal basis unit vectors. This thesis will adopt the following 

notation: �̂�𝑗
𝑖 represents the unit vector along the 𝑘-direction of coordinate system 𝑗, 

resolved in coordinate system 𝑖. For example, �̂�𝐴
𝐵 represents the unit vector along the X-

direction of frame 𝐴, expressed in frame 𝐵 coordinates. For brevity, �̂�𝐴
𝐴 ≡ �̂�𝐴. 

2.2.2 ECEF Frame and Geodetic Coordinates 

The earth-centered earth-fixed (ECEF) frame is a Cartesian coordinate system 

centered at the earth's center of mass, as shown in Figure 2. Its XY-plane coincides with 

earth's equatorial plane, the X-axis points through the Prime Meridian, and the Z-axis 
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points through the geometric north pole. The Y-axis completes the right-handed 

coordinate system. Throughout this thesis, the ECEF frame will be denoted as the 𝐸 

frame. 

Any given location in the ECEF frame can equivalently be expressed in geodetic 

latitude, longitude, and altitude (LLA) coordinates. These coordinates are shown in 

Figure 2 as 𝜙, 𝜆, and ℎ, respectively, and should be distinguished from their geocentric 

counterparts which are measured relative to the center of mass (𝑂𝐸). 

 

Figure 2: ECEF frame with Cartesian and geodetic LLA coordinates 

In the context of this thesis, the ECEF frame is of particular interest since GPS 

position and velocity measurements are expressed in ECEF coordinates. Moreover, LLA 

𝑃 

𝜙 

𝜆 

ℎ 

�̂�𝐸 

�̂�𝐸 

�̂�𝐸 

Prime 

Meridian 

Equator 

𝑂𝐸 𝐶 
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coordinates are required to perform coordinate transformations between the ECEF frame 

and the north-east-down (NED) frame. 

2.2.3 NED Frame 

The NED frame is a Cartesian coordinate system that can be defined at any point 

on the ellipsoid in Figure 2. For example, if the origin of a local NED frame is chosen to 

coincide with point 𝑃, the Z-axis will point towards the earth along the segment 𝑃𝐶, the 

X-axis will point north (i.e. up and to the left), and the Y-axis will point east (i.e. into the 

page), thereby completing the right-handed coordinate system. This is shown from a 

slightly different orientation in Figure 3. Throughout this thesis, the NED frame will be 

denoted as the 𝑁 frame. 

 

Figure 3: NED frame 

�̂�𝑁 

�̂�𝑁 

�̂�𝑁 

𝑂𝑁 

𝑂𝐸 

𝐶 
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The primary function of the NED frame will be to facilitate the computation of 

relative positions between vehicles, or between a vehicle and a specified waypoint. As 

such, the NED frame will be used extensively in the estimation and control of vehicle 

position and velocity. 

2.2.4 Body-Fixed Frame 

The body-fixed frame is a Cartesian coordinate system whose origin coincides 

with the vehicle's center of mass. Its X, Y, and Z-axes point to the front, right, and 

bottom of the vehicle, respectively. Figure 4 shows the body-fixed frame of a quad-rotor 

configured in the X-configuration. Throughout this thesis, the body-fixed frame will be 

denoted as the 𝐵 frame. 

 

Figure 4: Body-fixed frame on a X-configured quad-rotor 

�̂�𝐵 

�̂�𝐵 

�̂�𝐵 
FRONT 

(photo: TSH GAUI) 
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2.3 COORDINATE TRANSFORMATIONS 

2.3.1 Notation 

The following notation will be adopted for single axis rotations: 

A direction cosine matrix (DCM) that transforms a vector from frame 𝐴 to frame 

𝐵 will be denoted as 𝐶𝐴→𝐵. For example, consider Equation (4). 

If a DCM consists of a set of ordered single-axis rotations, then the angles of the 

individual rotations may be used to explicitly parameterize the DCM. For example, 

consider the DCM parameterized by 𝛼, 𝛽, and 𝛾 in Equation (5). 

 
𝑅𝑥(𝜃) = [

1 0 0
0 cos 𝜃 sin 𝜃
0 − sin 𝜃 cos 𝜃

] (1) 

 
𝑅𝑦(𝜃) = [

cos 𝜃 0 − sin 𝜃
0 1 0

sin 𝜃 0 cos 𝜃
] (2) 

 
𝑅𝑧(𝜃) = [

cos 𝜃 sin 𝜃 0
− sin 𝜃 cos 𝜃 0

0 0 1
] (3) 

 
𝑟𝐵 = 𝐶𝐴→𝐵𝑟𝐴 (4) 

 𝐶𝐴→𝐵(𝛼, 𝛽, 𝛾) = 𝑅𝑥(𝛼)𝑅𝑦(𝛽)𝑅𝑧(𝛾) (5) 
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2.3.2 ECEF / LLA 

Given latitude, longitude, and altitude (𝜙, 𝜆, ℎ) coordinates, it is quite simple to 

determine the equivalent location in Cartesian ECEF coordinates. First, one must 

compute the parameter 𝑁, given by Equation (6). 

The parameters 𝑎 and 𝑒 used in this thesis are provided in Table 1, and can be found in 

[6]. 

Table 1: WGS 84 Parameters for LLA/ECEF coordinate transformation 

Parameter Description Value 

𝑎 Semi-Major Axis 6378137 m 

𝑒 Ellipsoid Eccentricity 0.0818192 

   

The Cartesian ECEF coordinates are given by Equation (7). 

The conversion from ECEF to LLA coordinates is more involved. A commonly 

used method is the iterative scheme outlined in [6]. 

2.3.3 ECEF / NED 

The transformation from ECEF to NED coordinates can be divided into two steps: 

a translation, and a rotation. Suppose that the origin of the NED coordinate frame is given 

 𝑁 =
𝑎

(1 − 𝑒2 sin2 𝜙)1/2
 (6) 

 

𝑟𝐸 = [

(𝑁 + ℎ) cos 𝜙 cos 𝜆
(𝑁 + ℎ) cos 𝜙 sin 𝜆

(𝑁(1 − 𝑒2) + ℎ) sin 𝜙

] (7) 
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by 𝑟𝑂
𝐸, and has corresponding geodetic coordinates (𝜙, 𝜆, ℎ). Then a vector 𝑟𝐸 can be 

transformed and expressed relative to the NED frame using Equation (8). 

Using 𝑠(∙) and 𝑐(∙) to denote sin(∙) and cos(∙), respectively, 𝐶𝐸→𝑁 is determined 

according to Equation (9). 

Equation (8) can be solved for 𝑟𝐸 to provide the reverse NED to ECEF 

transformation. Using the property of orthonormal matrices shown in Equation (10), 

the result is given in Equation (11). 

2.3.4 NED / Body-Fixed 

The transformation from the NED to body-fixed frame consists of three single 

axis rotations. The Euler angles roll, pitch, and yaw (𝜙, 𝜃, 𝜓) are commonly used to 

parameterize this transformation. The transformation is given by Equation (12), 

 
𝑟𝑁 = 𝐶𝐸→𝑁(𝜙, 𝜆)(𝑟𝐸 − 𝑟𝑂

𝐸) (8) 

 𝐶𝐸→𝑁(𝜙, 𝜆) ≜ 𝑅𝑦
𝑇(𝜋 2⁄ + 𝜙)𝑅𝑧(𝜆) 

= [
−𝑠𝜙𝑐𝜆 −𝑠𝜙𝑠𝜆 𝑐𝜙

−𝑠𝜆 𝑐𝜆 0
−𝑐𝜙𝑐𝜆 −𝑐𝜙𝑠𝜆 −𝑠𝜙

] 

(9) 

 
𝐶𝐵→𝐴 = (𝐶𝐴→𝐵)−1 = (𝐶𝐴→𝐵)𝑇 (10) 

 
𝑟𝐸 = 𝐶𝑁→𝐸(𝜙, 𝜆)𝑟𝑁 + 𝑟𝑂

𝐸 (11) 
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where, 

Using Equation (10), the reverse transformation is readily obtained in the form of 

Equation (14). 

2.4 ATTITUDE QUATERNION REPRESENTATION 

2.4.1 Notation 

In this thesis, quaternions will be defined according to Equation (15), 

where 𝜃 is the angle of rotation about an Euler-axis of unity norm, �̂�. Note that the scalar 

component of the quaternion is denoted as 𝑞0, and that the attitude quaternion is subject 

to the constraint given in Equation (16). 

 
𝑟𝐵 = 𝐶𝑁→𝐵(𝜙, 𝜃, 𝜓)𝑟𝑁 (12) 

 𝐶𝑁→𝐵(𝜙, 𝜃, 𝜓) ≜ 𝑅𝑥(𝜙)𝑅𝑦(𝜃)𝑅𝑧(𝜓) 

= [

𝑐𝜃𝑐𝜓 𝑐𝜃𝑠𝜓 −𝑠𝜃
𝑠𝜙𝑠𝜃𝑐𝜓 − 𝑐𝜙𝑠𝜓 𝑠𝜙𝑠𝜃𝑠𝜓 + 𝑐𝜙𝑐𝜓 𝑠𝜙𝑐𝜃
𝑐𝜙𝑠𝜃𝑐𝜓 + 𝑠𝜙𝑠𝜓 𝑐𝜙𝑠𝜃𝑠𝜓 − 𝑠𝜙𝑐𝜓 𝑐𝜙𝑐𝜃

] 

(13) 

 
𝑟𝑁 = 𝐶𝐵→𝑁𝑟𝐵 (14) 

 
𝑞𝐴→𝐵 ≡ [

𝑞0

�⃑�
] ≡ [𝑞0 𝑞1 𝑞2 𝑞3]𝑇 ≡ [

cos(𝜃 2⁄ )

sin(𝜃 2⁄ ) �̂�
] (15) 

 
𝑞0

2 + 𝑞1
2 + 𝑞2

2 + 𝑞3
2 = 1 (16) 
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The conjugate of  𝑞 will be denoted by �̅�, and is defined in Equation (17). It is 

used to generate the quaternion corresponding to the reverse attitude transformation, and 

is the quaternion equivalent to transposing a DCM. 

The symbol ⨂ will be used to denote the quaternion multiplication operation 

defined in Equation (18). 

Lastly, quaternions have a two-to-one mapping in that there exist two quaternions 

(𝑞 and −𝑞) that represent the same physical rotation. In this thesis, the process of 

selecting the quaternion with the non-negative scalar component, 𝑞0, will be referred to 

as rectification. 

2.4.2 Rotations 

Equation (18) can be used to compute quaternions formed by successive rotations 

(e.g. 𝑞𝐴→𝐶 = 𝑞𝐵→𝐶⨂𝑞𝐴→𝐵). However, rotations are defined by Equation (19). 

The rotation in Equation (19) implicitly defines a DCM which can be expressed in 

terms of the quaternion elements according to Equation (20). 

 
�̅� = [𝑞0 −�⃑�𝑇]𝑇 (17) 

 

𝑝⨂𝑞 ≜ [

𝑝0 −𝑝1 −𝑝2 −𝑝3

𝑝1 𝑝0 𝑝3 −𝑝2

𝑝2 −𝑝3 𝑝0 𝑝1

𝑝3 𝑝2 −𝑝1 𝑝0

] [

𝑞0

𝑞1

𝑞2

𝑞3

] (18) 

 
𝑟𝐵 = 𝑞𝐴→𝐵⨂ 𝑟𝐴⨂�̅�𝐴→𝐵 (19) 
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2.4.3 Dynamics 

One of the advantages of using quaternions is the linearity and non-singularity of 

their dynamics. The attitude quaternion dynamics are defined in Equation (21), 

where �⃑⃑⃑�𝐵/𝑁
𝐵 ∈ ℝ3 represents the body rates of the vehicle with respect to the NED frame, 

resolved in body frame coordinates. 

  

 

𝐶(𝑞𝐴→𝐵) = [

1 − 2(𝑞2
2 + 𝑞3

2) 2(𝑞1𝑞2 + 𝑞0𝑞3) 2(𝑞1𝑞3 − 𝑞0𝑞2)

2(𝑞1𝑞2 − 𝑞0𝑞3) 1 − 2(𝑞1
2 + 𝑞3

2) 2(𝑞2𝑞3 + 𝑞0𝑞1)

2(𝑞1𝑞3 + 𝑞0𝑞2) 2(𝑞2𝑞3 − 𝑞0𝑞1) 1 − 2(𝑞1
2 + 𝑞2

2)

] (20) 

 

�̇�𝑁→𝐵 = −
1

2
[

𝑞1 𝑞2 𝑞3

−𝑞0 𝑞3 −𝑞2

−𝑞3 −𝑞0 𝑞1

𝑞2 −𝑞1 −𝑞0

] �⃑⃑⃑�𝐵/𝑁
𝐵  (21) 
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CHAPTER 3 

GN&C ALGORITHMS 

3.1 OVERVIEW 

This chapter covers the algorithms that constitute the GN&C portion of the flight 

software. These algorithms provide the vehicle with the following capabilities: attitude 

estimation and control, position and velocity estimation and control, standoff target 

tracking adaptable to unknown winds and/or target motion, and collision avoidance with 

other cooperative vehicles. Figure 5 gives a high-level layout of how the algorithms 

interact. 

 

Figure 5: Flow chart of GN&C algorithms 
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The descriptions below are tailored to quad-rotor vehicles. Therefore, portions of 

the algorithms that are vehicle-dependent will be highlighted to the reader. Note that even 

if a portion of an algorithm is agnostic to the vehicle type, the algorithm's gains and 

parameters will not necessarily follow suit. 

The following sections will provide a detailed description of the attitude 

estimation, position and velocity estimation, attitude control, velocity control, and 

position control algorithms used in this project. 

3.2 ATTITUDE ESTIMATION 

This algorithm uses measurements to propagate and estimate the attitude of the 

vehicle. Attitude quaternion parameterization was chosen for this application due to the 

non-singular and linear nature of quaternion dynamics. This representation also proved 

advantageous with its inherent ability to accommodate wrap-around issues. 

A number of attitude estimation algorithms were considered. The top two 

contenders were the gradient-descent approach proposed in [4], and the Multiplicative 

Extended Kalman Filter (MEKF) described in [1]. The former has the advantage of being 

computationally light, easy to tune, and is widely used in the hobby aerial robotics 

community. However, it does not provide the designer with an easy way to append 

additional states. 

The MEKF, on the other hand, is still a fairly simple algorithm, albeit more 

computationally intensive. Moreover, as a virtue of its relation to the Extended Kalman 

Filter (EKF), the MEKF is more amenable to the addition of states, dynamics, and 
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measurement equations, thereby offering the flexibility to design an integrated navigation 

filter (e.g. [5]). For these reasons, the MEKF was chosen as the attitude estimation filter 

for this implementation. The methods discussed in [8] and [9] also provided guidance in 

this decision making. 

For safety reasons, the MEKF was used as a standalone attitude filter. The task of 

estimating position and velocity is conducted in a separate algorithm, thereby insulating 

the attitude estimate from any failures related to position and velocity estimation (e.g. 

GPS or pitot-tube failures). The flexibility afforded by the MEKF will likely be exploited 

in future development. 

The MEKF was used with three sets of sensors: 3-axis accelerometers, 3-axis 

gyroscopes, and 3-axis magnetometers. The gyroscopes were used to propagate the 

attitude solution, while the accelerometers and magnetometers were used for orientation 

corrections. The magnetometer measurements were preprocessed using the magnetic 

distortion compensation algorithm described in [4]. This algorithm assisted in 

constraining the magnetometer measurement to heading corrections only, thereby 

preventing local distortions in the vertical component of the magnetic field from affecting 

the roll and pitch estimates. 

Through experimentation, it was determined that the accelerometer and gyroscope 

biases, as well as the magnetometer calibration parameters, could be determined offline 

without any appreciable detriment to the attitude solution. Furthermore, all of the 

experiments described in this thesis used the same MEKF algorithm and gains, regardless 

of type of vehicle. 



 
 

17 

3.3 POSITION AND VELOCITY ESTIMATION 

Position and velocity estimation is performed in the NED frame. While a number 

of alternatives exist, the NED frame was chosen for the transparency it offered during the 

testing and debugging process. For example, one can easily test for relative motion in the 

north, east, and vertical directions. However, it is much more difficult to do so along only 

one of the ECEF axes. 

The swarm scenarios explored in this project involved relatively small distances, 

and as a consequence, each vehicle in the swarm utilized the same NED frame. However, 

caution should be exercised when using an NED formulation in applications where the 

vehicle or swarm travels over substantial distances. In such cases, sufficient displacement 

will cause the axes lose alignment with the local north-east-down directions. 

Since the attitude solution is handled in a separate algorithm, the position and 

velocity estimator is implemented as a Kalman Filter (KF) with the state vector given in 

Equation (22) and dynamics given in Equation (23). �⃑�𝑁 and �⃑�𝑁 denote, respectively, the 

vehicle's position and velocity resolved in the NED frame, and �⃑�𝐵 denotes the 

acceleration vector. 

Note that if attitude estimation was included as a part of this filter, the elements of 

the DCM 𝐶𝐵→𝑁 that appears in Equation (23) would become part of the state, and the 

 
�⃑� = [�⃑�𝑁

�⃑�𝑁] (22) 

 
�̇⃑� = [

0 𝐼3×3

0 0
] �⃑� + [

0
𝐶𝐵→𝑁] �⃑�𝐵 (23) 
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filter would have to be converted into an EKF (or some other suitable nonlinear 

estimator). 

The filter uses GPS position and velocity measurements in its measurement 

update. These measurements are first converted from the ECEF frame to the NED frame, 

after which they are incorporated into the filter using the matrix sensitivity matrix in 

Equation (24). 

The KF algorithm is comprised of the equations below. The time update step is 

given in Equations (25) and (26). 

The measurement update equations are provided in Equations (27) - (31), 

where the measurement vector is given by �̃�𝑘 = [�̃�𝑘
𝑇

𝐺𝑃𝑆
�̃�𝑘

𝑇
𝐺𝑃𝑆]

𝑇
. Note that Equation 

(31) is the Joseph form of the state-error covariance measurement update. It is known to 

 
𝐻 = 𝐼6×6 (24) 

 
�⃑�𝑘+1|𝑘 = 𝐹𝑘�⃑�𝑘|𝑘 + 𝐵𝑘 �⃑⃑�𝑘 

𝑃𝑘+1|𝑘 = 𝐹𝑘𝑃𝑘+1|𝑘𝐹𝑘
𝑇 + 𝑄𝑘 

(25) 

(26) 

 𝜈𝑘 = �̃�𝑘 − 𝐻𝑘�⃑�𝑘|𝑘−1 

𝑆𝑘 = 𝐻𝑘𝑃𝑘|𝑘−1𝐻𝑘
𝑇 + 𝑅 

𝑊𝑘 = 𝑃𝑘|𝑘−1𝐻𝑘
𝑇𝑆𝑘

−1 

�⃑�𝑘|𝑘 = �⃑�𝑘|𝑘−1 + 𝑊𝑘𝜈𝑘 

𝑃𝑘|𝑘 = (𝐼 − 𝑊𝑘𝐻𝑘)𝑃𝑘|𝑘−1(𝐼 − 𝑊𝑘𝐻𝑘)𝑇 + 𝑊𝑘𝑅𝑘𝑊𝑘
𝑇 

(27) 

(28) 

(29) 

(30) 

(31) 
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be more numerically robust than its standard counterpart, as it always insures the result is 

at least positive semi-definite. 

Due to time constraints, the position and velocity estimator was bypassed by raw 

GPS measurements. This algorithm was still executed onboard to account for its 

computational load, but its output was ignored. It will be integrated into the system in the 

future. 

3.4 ATTITUDE CONTROL 

The quaternion-based attitude controller used in this thesis is outlined in Figure 6. 

First, the quaternion estimate from the attitude estimator is combined with a reference 

attitude quaternion, 𝑞𝐵→𝑅, provided by the velocity controller. The resulting quaternion is 

rectified such that its scalar component is always positive. This is done to ensure that the 

controller chooses "the short way." 

The quaternion is then used in the nonlinear attitude controller developed in [2], 

making use of unbiased body rate measurements available from the inertial measurement 

unit (IMU). The nonlinear attitude controller outputs a reference moment vector, resolved 

in the body frame. 

Each component of the moment vector is run through a proportional, integral, 

derivative (PID) controller designed to help the actuators trim and track the desired 

moments. The outputs of the PIDs are then combined with a throttle input and mixed to 

produce the output signals for each individual motor. Lastly, limits are applied to the 

individual motor signals to avoid actuator saturation. 
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Figure 6: Quaternion-based attitude controller 
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The 4×4 mixing matrix in Figure 6 is typically populated with thrust and moment 

coefficients, as well as moment arms. However, due to schedule constraints, system 

parameters were not estimated and were left out of the mixing matrix. However, note that 

they are readily absorbed into the PID gains during the tuning process. 

3.5 VELOCITY CONTROL 

The velocity control algorithm is tasked with converting a velocity reference into 

a commanded attitude and throttle setting, and is shown in Figure 7. The algorithm first 

computes the velocity error. Then, each component of the velocity error vector is fed into 

a PID controller. The PIDs output a reference force vector, and are intended to 

accommodate changing winds and/or drag, as well as any steady-state errors in the 

attitude estimate. 

 

Figure 7: Velocity controller 
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The reference force vector is then fed into a kinematic inversion block. This block 

is vehicle-dependent, and uses the current attitude and a reference heading to produce a 

reference attitude quaternion and a reference throttle setting. The kinematic inversion 

block for a quad-rotor is detailed in Equations (32) - (35), where 𝜓 is the actual (not 

reference) heading angle. 

The reference attitude quaternion 𝑞𝑁→𝑅 is constructed from 𝑢𝜙, 𝑢𝜃, and 𝑢𝜓. 

Note that for a quad-rotor, the reference heading can be assigned independently of 

the vehicle's velocity. Therefore, it is possible to replace Equation (34) with the constraint 

in Equation (36). 

However, many vehicles (e.g. fixed-wing aircraft and rovers) do not have this additional 

degree of freedom, and instead necessitate some variant of Equation (34). 

 𝑢𝜙 = asin(−𝑓𝑁 sin 𝜓 + 𝑓𝐸 cos 𝜓) 

𝑢𝜃 = asin (
𝑓𝑁 cos 𝜓 + 𝑓𝐸 sin 𝜓

cos 𝑢𝜙
) 

𝑢𝜓 = atan(𝑣𝑦
𝑁 , 𝑣𝑥

𝑁) 

𝑢𝑡ℎ𝑟 =
𝑓𝐷

cos 𝜙 cos 𝜃
 

(32) 

(33) 

(34) 

(35) 

 𝑢𝜓 = 𝜓𝑟𝑒𝑓 (36) 
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3.6 POSITION CONTROL 

The position controller facilitates the standoff tracking algorithm and the 

decentralized collision avoidance scheme. It provides the reference velocity to the 

velocity controller, and can operate in two modes: hover mode, and standoff tracking 

mode. Collision avoidance can be active in both modes. 

3.6.1 Hover Mode 

In hover mode, the controller simply provides a velocity reference proportional to 

the position error. The controller has separate proportional gains and saturation limits for 

the horizontal and vertical velocity references. 

3.6.2 Standoff Tracking 

The standoff tracking mode is based on the algorithm developed in [3]. This 

algorithm is outlined in the block diagram shown in Figure 8. Note that the algorithm 

requires the horizontal position of the vehicle relative to the target, and produces only a 

horizontal velocity reference. As such, the standoff tracking mode must be used in 

conjunction with the altitude controller described in the previous section. 

This algorithm was developed under the assumption that the vehicle motion was 

governed by unicycle dynamics. However, one of the strengths of the standoff tracking 

algorithm, as well as the way it was integrated into the system, is that it is virtually 

vehicle agnostic. This versatility can be attributed in part to the kinematic inversion block 

of the velocity controller which acts as a vehicle abstraction layer. 
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Figure 8: Standoff tracking algorithm 
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3.6.3 Collision Avoidance 

Collision avoidance capability was incorporated late in the project. The algorithm 

uses a prescribed potential function in conjunction with relative position vectors to 

additively augment the velocity reference output of the position controller. This results in 

a decentralized collision avoidance mechanism engendered by a repulsive force generated 

by each cooperative vehicle in the swarm. The algorithm actively repels two vehicles so 

long as one of them is aware of the other's position. 

The potential function used in this thesis was developed heuristically. It contains 

four tunable gains, as shown in Equation (37), 

where, 

Note that �⃑�𝑁 and �⃑�𝑖
𝑁 are the position vectors of vehicle performing the collision 

avoidance and its 𝑖𝑡ℎ neighbor, respectively. 

The gains 𝛿𝑣𝑚𝑎𝑥 , 𝛿𝑣𝑚𝑖𝑛 control the maximum and minimum velocity 

contributions that the collision avoidance algorithm can impart on the host vehicle per 

cooperative vehicle. The gains 𝛼 and 𝑟0 are used to control the gradient and effective 

radius, respectively, of the potential function. 

 
Δ�⃑�𝑁 = [(

𝛿𝑣𝑚𝑎𝑥 − 𝛿𝑣𝑚𝑖𝑛

2𝑟𝑟𝑒𝑙
) (1 − tanh(𝛼(𝑟𝑟𝑒𝑙 − 𝑟0))) + 𝛿𝑣𝑚𝑖𝑛] �⃑�𝑟𝑒𝑙

𝑁  (37) 

 �⃑�𝑟𝑒𝑙
𝑁 = �⃑�𝑁 − �⃑�𝑖

𝑁 

𝑟𝑟𝑒𝑙 = ‖�⃑�𝑟𝑒𝑙
𝑁 ‖ 

𝛿𝑣𝑚𝑎𝑥 , 𝛿𝑣𝑚𝑖𝑛, 𝛼, 𝑟0 > 0 

(38) 

(39) 

(40) 
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Regardless of the value of 𝑟0 chosen, the potential function will always impart a 

velocity of magnitude 𝛿𝑣𝑚𝑖𝑛 or greater. This gain is particularly useful in standoff 

tracking mode, where the vehicles may otherwise be too far to repel one another. 

Qualitatively speaking, increasing this gain will lead to more aggressive repulsion forces, 

and in the presence of favorable geometry, a quicker settling time. However, as 𝛿𝑣𝑚𝑖𝑛 is 

increased, a steady state error will develop in the position in order to balance out the 

persistent repulsive force. Therefore, the designer must find a compromise between the 

strength of the repulsion force and the acceptable steady state position errors that arise 

from the 𝛿𝑣𝑚𝑖𝑛 term. 

Lastly, the collision avoidance algorithm used GPS position measurements to 

compute the relative position vectors. However, the relative position vector could be 

attained in other ways, including but not limited to vision sensors. 
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CHAPTER 4 

SOFTWARE 

4.1 OVERVIEW 

This chapter will describe the software developed as part of this project. In total, 

over 12,000 lines of C++ code were written to form two separate executable programs: 

the flight software, and the ground control software. The flight software envelops the 

GN&C algorithms described in the previous chapter. The ground control software defines 

a graphical user interface (GUI) that allows the user to interface with and command the 

vehicle. 

The flight software and the ground control software were developed in parallel 

and deliberately share interdependencies. These interdependencies allow for the seamless 

integration of the communication protocol into both programs. The following sections 

provide a detailed description of the two programs. 

4.2 FLIGHT SOFTWARE 

4.2.1 Layout 

The flight software was designed to run in Linux, and is dependent on this 

operating system primarily due to the use of hardware interfacing, memory access 

control, and system clock functionality. Also, it should be noted that this software relies 

extensively on the Eigen C++ linear algebra library. 
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The code consists of a main executable file that is responsible for initializing, 

launching, and terminating a set of threads. Figure 9 shows the flight software 

architecture. The layout closely resembles the one shown in Figure 5, with the exception 

of the telemetry and data logging threads. The GN&C algorithms described in Chapter 3 

are encapsulated inside of the appropriately named threads in Figure 9. Since the GN&C 

algorithms have already been discussed, this section will instead focus on the telemetry 

and data logging threads and their interactions with the GN&C threads. 

4.2.2 Telemetry Thread 

The telemetry thread is tasked with handling communication with the ground 

station. This communication channel allows for the flow of critical vehicle state 

information and commands. Note that in future versions, this thread will likely be 

referred to as the communication thread when cross vehicle communication is 

implemented independently of the ground station. 

The thread uses a TCP socket to establish a connection with the ground station. 

Downlink operations are handled inside of the thread's main loop, where upon every 

write operation the thread checks whether or not the socket is still open. If connection to 

the ground station is lost, the thread attempts to reconnect. This effort persists until the 

connection is reestablished, or the thread is terminated. 

Uplink operations are handled inside of a dedicated child thread launched when 

the parent telemetry thread is initialized. This setup was chosen to avoid unwanted 

blocking behavior. 
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Figure 9: Flight software architecture 
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of data are sent continuously, it is necessary for applications where minimizing 

transmission delays is essential (e.g. remote vehicle control). 

As Figure 9 suggests, the telemetry thread is linked to virtually every thread. For 

the GN&C algorithms, the telemetry thread facilitates the uplink of gains and reset 

commands. For the control algorithms, the uplink thread also provides mode commands 

(e.g. manual flight, attitude control only, etc.), collision avoidance data, and control 

references. In turn, the downlink function allows the GN&C algorithms to transmit their 

gains to the ground station, acknowledge receipt of uplinked gains, and downlink relevant 

data signals (e.g. attitude, motor efforts, etc.). For the IMU and magnetometer threads, 

the link relays calibration commands and status. 

Uplink/downlink telemetry message formats are defined by the message protocol 

shown in Figure 10, where each block represents one byte. The message begins with a 

sequence of two synchronization bytes, followed by the message identification number 

and the payload length. Uplink and downlink message IDs begin at 0x50 and 0x00, 

respectively. The payload length byte specifies the number of bytes, 𝑁, contained in the 

payload. If 𝑁 = 0, the payload length byte is directly followed by the two termination 

bytes. Otherwise, the payload length byte is followed by 𝑁 payload bytes and the two 

termination bytes. Note that checksum byte(s) were not required since the TCP/IP 

protocol used to transmit the messages guarantees errorless transmissions. 
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Figure 10: Telemetry message protocol 

The telemetry thread class defines a template function that generates downlink 

messages using the message protocol described above. The function template can accept 

a data structure of any type, and uses the 𝑚𝑒𝑚𝑐𝑝𝑦() function to copy the data bytes out 

of the structure. This method of data transfer allows for straight forward serialization and 

de-serialization of data, and was used on the ground station as well. Using this 

functionality, existing telemetry uplink or downlink channels require no modifications 

when data structure definitions are changed. Instead, the appropriate parts of the code 

simply have to be re-compiled, allowing the template function to produce the new 

serialization/de-serialization code automatically. 

The reader should be aware of two issues regarding this setup. First, using 

𝑚𝑒𝑚𝑐𝑝𝑦() implicitly assumes that the processors on both the vehicle and the ground 

station have the same endianness. If this assumption is violated, then data integrity will 

not be preserved during the copy operation. Second, since C++ data structures are not 

guaranteed to be stored identically on different platforms, memory alignment issues had 

to be addressed using the #𝑝𝑟𝑎𝑔𝑚𝑎 𝑝𝑎𝑐𝑘() preprocessor directive. This was used to 
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force the compiler to pack selected data structures in contiguous memory blocks equal to 

the size of the data structure.. This preserve the validity of the serialization and de-

serialization across both the vehicle and the ground control station. 

Note that the telemetry (downlink) thread was frequency driven, therefore forcing 

it to downlink data at a specified rate (10 Hz in the final implementation). As such, data 

overwrites in consumer data pipes of the thread were intentionally ignored. The uplink 

child thread was allowed to send data out of the thread through producer data pipes as 

soon as data became available through the TCP socket. 

4.2.3 Data Logging Thread 

The data logging thread is responsible for receiving and recording selected data, 

including attitude estimates, control states and signals, and gain uplinks and downlinks. 

Each stream of data is made available to the thread via a consumer data pipe. Unlike 

other consumer data pipes used throughout the code, the consumer pipes in the data 

logging thread were enhanced with a segmented circular buffer. These specialized buffers 

signal the thread by raising a flag each time a segment is filled. The length and number of 

the buffer segments were selected individually for each data pipe. 

The circular buffers are equipped with multiple segments, allowing the thread to 

recover in the event that it was not able to flush a buffer immediately after a segment flag 

was raised. If multiple segment flags are missed, the thread flushes all of the data 

available in the data pipe during the next available time slot. This mechanism is used to 
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maximize the size of the flushed data block, thereby reducing the overhead associated 

with the copy or write operation that occurs every time a buffer is flushed. 

When initialized, the thread opens one binary data file per consumer data pipe. 

Each binary data file is designated as a raw data file and is named according to its 

associated consumer data pipe (e.g. 𝑟𝑎𝑤_𝑔𝑝𝑠_𝑑𝑎𝑡𝑎. 𝑡𝑥𝑡). 

When the user commands the program to quit, the threads are de-allocated from 

the stack. When the data logging thread's destructor is called, the thread flushes the 

consumer data pipe buffers to ensure that all of the data has been written to the binary 

files. This is particularly important for low-frequency data pipes (e.g. uplink/downlink 

gains streams) which often do not receive enough data to trigger even one buffer segment 

flag. 

Once the buffers have been written to the binary files, the destructor begins to 

parse each of the binary files, writing the results into an appropriately named parsed text 

file (e.g. 𝑝𝑎𝑟_𝑔𝑝𝑠_𝑑𝑎𝑡𝑎. 𝑡𝑥𝑡). Upon the completion of the parsing loop, both the binary 

and parsed data files associated with the data stream are closed, and the thread moves on 

to the next data stream. The process is repeated until all of the binary data files have been 

parsed and closed. Once this process is completed, the thread terminates. 

Note that the parsing operation is handled by a parsing function specific to each 

data stream. The parsing function accepts a file descriptor and one block of data (i.e. one 

data structure). The data is formatted into a string using the 𝑓𝑝𝑟𝑖𝑛𝑡𝑓() function and 

written to the file associated with the file descriptor. 
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4.3 GROUND CONTROL SOFTWARE 

4.3.1 Layout 

The ground control software was developed in Qt, a C++ cross-platform 

framework that, among other things, allows for easy GUI development. This software 

was developed and tested in Microsoft Windows 7. 

As shown in Figure 11, the software is partitioned into three primary parts. First, a 

main window file initializes all of the components shown. This file is not shown in the 

figure. Then, the program launches a TCP server of type 𝑄𝑇𝑐𝑝𝑆𝑒𝑟𝑣𝑒𝑟. When a new 

client connects to the server, the server creates a new communication link. Since all of 

the vehicles have predefined static IP addresses, the vehicle associated with this link is 

determined via the IP address. 

Upon the creation of a new telemetry thread, the attitude position and velocity 

signals are linked to the map. Once linked, these signals appear graphically on the map in 

the form of a vehicle icon. Additionally, telemetry links of vehicles engaging in collision 

avoidance are linked together in order to provide each party with the other's position. 

The vehicle list acts a switch that the user can operate. This switch connects the 

vehicle-specific blocks (shown in green) to the selected communication link. When a 

communication link is selected, all of the functionality in the tabs (discussed in the next 

section) becomes associated with the corresponding vehicle. 
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Figure 11: Ground control software architecture 

4.3.2 Graphical User Interface 

The ground station GUI is shown in Figure 12. It is comprised of a few basic 

components. The map displays the position, heading, velocity, and velocity reference of 

every vehicle connected to the ground station. The map also displays the waypoints of 

each vehicle, and is used to input or edit waypoint locations. These features can be seen 

in Figure 13, which shows the ground station during a flight demonstration. 

At the bottom right of the GUI, the user can switch between three tabs. The first 

tab is a list of all of the vehicles connected to the ground station. The user can select any 

of the vehicles in the list in order to change its waypoints, view its attitude, or edit its 

gains. The next tab is the autopilot management tab. This tab allows the user to select the 
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autopilot mode (e.g. manual, attitude control only, etc.), and to edit the waypoints. Lastly, 

the third tab allows the user to calibrate the onboard IMU and magnetometer of the 

selected vehicle. 

 

Figure 12: Ground control station graphical user interface 

Above these tabs is another set of six tabs. The first tab displays the control 

efforts that the attitude controller is sending to the actuators. The top four bars represent 

the �⃑⃑�𝐹𝑀 vector from Figure 6, whereas the bottom four represent the mixed signals 

formed by �⃑⃑�𝑚𝑜𝑡𝑜𝑟𝑠 in the same figure. The remaining five tabs allow the user to uplink 

and downlink gains for the attitude and position/velocity estimators, as well as for the 

attitude, velocity, and position controllers. Some of the GN&C algorithms can also be 

reset from these tabs. 
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Figure 13: Ground control station during flight demonstration 

Located at the top right of the map area, the control input panel displays the 

control inputs entered by the user. In its current configuration, when the panel is clicked, 

the center square transitions from red to green, and predefined keyboard commands are 

interpreted as control inputs. If the user clicks the panel again or selects anything else in 

the GUI, the control input panel automatically disengages to prevent inadvertent control 

inputs. However, the escape key is always reserved for the purpose of shutting down the 
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vehicle's actuators, regardless of the state of the control input panel. In the future, this 

panel may either be removed, or be adapted for touch-screen functionality. 

Lastly, located at the top left of the map area, the attitude indicator displays 

critical vehicle state information. The data displayed pertains to the vehicle selected in 

the vehicle list tab, and includes vehicle attitude, altitude, and ground speed, as well as 

autopilot mode, GPS tracking mode, and number of GPS satellites used in the navigation 

solution. Additionally, the indicator uses a flight director and three carrots (see Figure 13) 

to indicate the roll, pitch, yaw, speed, and altitude references used by the controllers. 
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CHAPTER 5 

HARDWARE 

5.1 OVERVIEW 

This chapter covers the hardware used throughout this project. Relevant details 

and specifications are presented, and alternative choices and rationale are provided. The 

chapter discusses the vehicle platforms, the onboard computer system,  the custom 

interface circuit board used to interface with the computer system, the sensors, and the 

ground control station hardware. 

5.2 VEHICLE PLATFORMS 

5.2.1 Quad-rotor 

The Parrot AR Drone was selected for initial developments. It was chosen since it 

was safe to fly indoors as a virtue of its small size and protective structure. However, 

difficulties were encountered in interfacing with the motors. It also became evident that 

in order to fit a custom autopilot onboard, the designer would either have to augment the 

existing circuitry, in which case the design would become dependent on the AR Drone 

navigation board, or all of the onboard electronics would have to be removed and 

replaced. Consequently, it was decided that a less developed platform should be utilized 

instead. 
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After an extensive search, the TSH GAUI 500X quad-rotor platform shown in 

Figure 14 was selected. This choice was made due to the vehicle's adaptability and large 

payload capacity. The kit included four Electronic Speed Controllers (ESCs), four 

Scorpion brushless out-runner DC motors, and a stability augmentation system to aid 

with manual flight. 

Aside from aiding the safety pilot during testing, the stability augmentation 

system was also considered a risk reduction mechanism in the event that the autopilot 

system in development would be unable to fly the vehicle unassisted. In fact, this 

stabilization system aided in understanding that the motor ESCs needed to be actuated 

using a 250 Hz pulse width modulated (PWM) signal, rather than the standard 50 Hz 

signal used in conventional hobby remote control systems. 

 

Figure 14: TSH GAUI 500X quad-rotor platform 
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Two battery types were purchased, both from Thunder Power RC. The first was a 

4400 mAh, 3-cell G8 Pro Lite Lithium Polymer battery intended as a propulsion battery, 

and the second was a 1350 mAh, 2-cell G8 Pro Lite Rx Lithium Polymer battery intended 

for powering the onboard avionics. During testing, the former provided roughly 20 

minutes of flying time, while the latter could keep the autopilot system running for over 

two hours. 

Lastly, a JR 9503 2.4 GHz radio transmitter and a JR R921X 2.4 GHz DSMX 

radio receiver pair were used for manual control of the vehicle. The receiver was installed 

onboard the vehicle, and its signals were routed through the GAUI stability augmentation 

system. The outputs of the stability augmentation system were connected a multiplexer 

on the interface circuit board described in section 5.4. The multiplexer served as a switch 

that controlled whether the safety pilot or the onboard autopilot had control of the 

vehicle. The state of the multiplexer was controlled by an auxiliary channel on the JR 

receiver. 

5.2.2 Rover 

A Surface Mobility Platform (SMP) from Gears Educational Systems was used as 

a ground-based mobile platform. The vehicle is shown in Figure 15. This rover was used 

partly because of its size, but mostly due to its availability after having been procured for 

another project. 

The vehicle was equipped with the same processor, interface board, sensors, and 

batteries as the quad-rotor vehicles. Minimal modifications were required to adapt the 
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autopilot system to this platform. For example, in order to accommodate the WiFi 

antenna, the interface circuit board had to be mounted in a different orientation than in 

the quad-rotor installation. As such, minor modifications in the software had to be made 

to in order to rotate sensor measurements into the correct reference frame. 

 

Figure 15: Gears Educational Systems SMP rover 

Since this vehicle was ground-based and had a fairly low maximum speed, it was 

not fitted with any manual control capability. Throughout all of the experiments, this 

rover was operated through the ground control station. 

5.3 ONBOARD COMPUTER SYSTEM 

Two of the most widely used autopilots in the hobby robotics community are the 

ArduPilot Mega and the Pixhawk PX4. The former is based on a 16 MHz Atmega2560 

processor, while the latter uses a 168 MHz Cortex M4F CPU with 256 KB of RAM and 2 
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MB of flash memory. The PX4 is particularly impressive with its wide assortment of 

safety features and I/O capabilities. Both systems are open-source and open-hardware, 

and have extensive support communities. However, while both systems have been proven 

to work very well, it is likely that neither system could accommodate a substantial 

amount of additional computational load. Additionally, neither system has built-in 

communication capability; instead, each depends on an external transceiver. 

To satisfy the objectives of this project, a more powerful computational platform 

was required, preferably one that maintained the small size of the two systems mentioned 

above and also included built-in communication capabilities. The Gumstix Overo Fire 

computer on module (COM), shown in Figure 16, satisfied these objectives. 

 

Figure 16: Gumstix Overo Fire(STORM) COM 

Based on a 720 MHz Texas Instruments OMAP3530 (ARM Cortex-A8), the 

Overo Fire boasts 512 MB of RAM, 8 GB of solid-state hard drive space, and built in 

(photo: Gumstix, Inc.) 
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Bluetooth and 802.11 b/g WiFi capability. It weighs less than 10 grams, 58 × 17 mm in 

size, and draws approximately 0.2 Amps at 5 Volts while operating. Due to its small size, 

the Overo COM requires an interface board to expose its I/O pins. A Linux Angstrom 

distribution (version 2.6.39) was used as the operating system. 

In the latter stages of this project, the Overo Fire COM was upgraded to the newer 

Overo FireSTORM COM. With exception to a change made to one of the operating 

system's boot-loaders, the upgrade required virtually no modifications to the software. 

5.4 INTERFACE CIRCUIT BOARD 

As mentioned earlier, a Gumstix Overo COM must be mounted on an expansion 

board in order to be operated. Throughout the early stages of the project, the Gumstix 

Robovero was used as this expansion board. The Robovero provided a 6 DOF IMU, a 

magnetometer, as well as six PWM channels and additional peripherals. The board had a 

dedicated microcontroller designed to interface with the board's peripherals. The 

microprocessor, also handled communicate with the Overo via a USB serial connection 

set at a baud rate of 115200. 

For example, in order to read an IMU measurement, the Overo would have to 

send a formatted string to the Robovero microcontroller, instructing its firmware to 

communicate with the IMU. Once, the IMU-to-microcontroller data transfer was 

completed, the Overo would once again have to send a command to the Robovero in 

order to transfer the IMU data residing in the microcontroller to the Overo. Clearly, this 
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setup is highly inefficient, especially as the quantity and frequency of the Overo-to-

Robovero instructions are increased. 

Note that the Robovero interface code used on the Overo had to be translated 

from the stock Python code to C++ in order to increase the communication speed. 

However, interfacing with the Robovero still proved to be highly resource intensive, even 

for moderate update frequencies (e.g. IMU update rate of 100 Hz). Moreover, it became 

clear that the real bottle neck was the USB channel connecting the Overo and Robovero. 

This channel quickly became saturated at IMU update rates of approximately 200 Hz and 

PWM channels update rates of 50 Hz. 

Consequently, the interface circuit board, named the C-DUS Pilot board, was 

designed to address a number of issues. First, the Robovero was fairly large compared to 

the Overo, and as a result was hard to integrate on the small body of the GAUI 500X's. 

Second, the Overo-to-Robovero interface architecture was deemed unnecessarily 

resource intensive, and the new design intended to make interfacing with hardware 

require less CPU time. And third, the communication speed between the Overo and 

Robovero was simply too slow for the rates the IMU and PWM signals ultimately had to 

operate at. The latter point was discovered only after the new circuit board was integrated 

into the system. 

The C-DUS Pilot board was designed with the following components: an IMU 

and magnetometer, a PWM controller for commanding actuators, a GPIO controller for 

interfacing with miscellaneous devices, and an analog-to-digital converter. In addition, a 

GPS receiver was originally designed for installation on the board (see Figure 17). 
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However, as will be discussed later, this receiver was deemed inadequate, and a different 

receiver was installed externally. Both GPS receivers utilized the UART line available on 

the Overo. Note that voltage level translators were required for the I2C bus and the UART 

channel, both of which operate at 1.8V on the Overo. 

 

Figure 17: Block diagram of C-DUS Pilot board 
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Lastly, the layout of this board made use of the Gumstix Pinto-TH expansion 

board, which was used to interface with the Overo's connectors. The Pinto-TH is the 

smallest expansion board sold by Gumstix, and is essentially a 60-pin DIP breakout board 

for the Overo. The size of the C-DUS board was largely determined by the size of the 

Pinto-TH. 

The C-DUS Pilot circuit board was designed using the PCB123 design software 

provided by Sunstone Circuits. A computer rendering of the design is shown in Figure 

18. The final design was 1.4×3.0 inches in size and had four layers. With the Overo and 

Pinto-TH included, the final product weighed approximately 45 grams. 

 

Figure 18: PCB123 rendering of C-DUS Pilot board design 
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The board was manufactured by Sunstone Circuits and assembled in-house, after 

which it underwent testing to insure that it functioned as intended. No problems were 

detected, and throughout the testing process the board functioned without incident on 

both the quad-rotors and the rover. 

5.5 SENSORS 

5.5.1 Inertial Measurement Unit 

As mentioned in the previous section, the Gumstix Robovero expansion board 

was equipped with three-axis accelerometers and gyroscopes. After extensive testing, it 

was determined that the vibrations caused by the quad-rotor motors were rendering the 

attitude solution worthless. For example, vibrations on the accelerometers were measured 

at ±4 g's off the mean value. 

One remedy was to perform low-pass filtering on the sampled data. However, to 

provide so much attenuation, the low-pass filter would add unacceptable delays to the 

signal. To solve the delay problem, one could increase the sampling rate. However, the 

limited bandwidth of the circuit board communication interface limited the sampling rate 

to 200 Hz, and imposed an unreasonable burden on the Gumstix Overo processor. As 

such, it was decided that the new IMU shall be capable of pre-filtering the signal 

internally, and shall have an interface with which it could directly communicate with the 

Gumstix at rates up to 500 Hz. 

The InvenSense MPU-6050 sensor was selected to meet the aforementioned 

requirements. Based on MEMS technology, the sensor is widely used in the hobby 
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robotics community due to its compact size, high quality measurements, and useful 

features. It has a 400 kHz capable I2C interface that operates at 3.3V TTL. Using a 

voltage level translator, the sensor is readily made compatible with the Gumstix Overo's 

1.8V TTL I2C channel. It was integrated into the system using the SparkFun Electronics 

breakout board shown in Figure 19. 

 

Figure 19: InvenSense MPU-6050 on a SparkFun Electronics breakout board 

Most importantly, the sensor has an invaluable feature that allows the user to 

select one of seven low-pass filtering levels. Figure 20 and Figure 21 offer a comparison 

between the MPU-6050 accelerometer readings at Digital Low Pass Filtering (DLPF) 

setting 3 and 6, respectively. The sensor documentation states that these settings 

correspond to bandwidths of 44 Hz and 5 Hz with delays of 4.9 ms and 19.0 ms, 

respectively. 

Both sensors underwent similar motion profiles and were subject to similar motor 

vibrations during the test runs. However, while the measurements under DLPF setting 3 

exhibited noise with a magnitude of approximately 0.5 g's on all three axes, the vibrations 

(photo: SparkFun Electronics) 
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were hardly visible in the measurements collected using DLPF setting 6. Moreover, the 

delays induced by the DLPF setting 6 did not seem to adversely affect the closed-loop 

system. 

 

Figure 20: InvenSense MPU-6050 accelerometer readings at DLPF 3 setting 

 

Figure 21: InvenSense MPU-6050 accelerometer readings at DLPF 6 setting 
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Therefore, it was determined that DLPF setting 6, the highest level of pre-filtering 

the sensor provided, worked best for this application. In fact, the sensor performed so 

well that later on it was bolted directly to the vehicle frame, without any intentional 

vibration isolation. Even with this installation, the MPU-6050 was able to outperform the 

previous hardware/sensor combination, for which many attempts were made to provide 

vibration isolation. 

Lastly, the experiments conducted throughout this project suggested that the 

MPU-6050's biases were stable enough to be determined offline. To perform this 

calibration, the vehicle is placed in a level orientation with the sensors Z-axis pointing 

vertically. The user then clicks a calibration button on the ground station which signals 

the onboard software to begin averaging measurements. After a sufficient number of 

samples are collected, gravity is subtracted out of the Z-axis measurement, and the 

resulting values are saved in a system file for future use. 

5.5.2 Magnetometer 

The process of selecting the a magnetometer was similar to that of selecting the 

IMU. Unlike the accelerometers and gyroscopes on the Gumstix interface board which 

performed poorly only when subjected to vibrations, the integrated magnetometer was 

not able to provide any useful data. As such, a new magnetometer had to be found. 

After some searching, the Honeywell HMC5883L was selected due to its compact 

size, ease of integration, and notoriety in the hobby robotics community. As with the 

IMU, the sensor was integrated using a breakout board from SparkFun Electronics, 
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shown in Figure 22. Note that the HMC5883L has the same I2C interface as the MPU-

6050. 

 

Figure 22: Honeywell HMC5883L on a SparkFun Electronics breakout board  

The HMC588L had to be calibrated onboard each vehicle in order to resolve the 

hard- and soft-iron biases unique to the given installation. Experiments indicated that 

accounting for biases alone resulted in sufficiently reliable heading measurements (i.e. 

gain and misalignment calibrations were not necessary). 

The calibration scheme used was inspired by [7]. However, the algorithm more 

closely resembles fitting a sphere with an unknown radius and center to a cloud of point 

measurements. Qualitatively, this algorithm assumes that the earth's magnetic field vector 

is of a constant unknown magnitude and direction in the vicinity of the sensor. The user 

then rotates the sensor in three dimensions to collect a set of measurements. Assuming 

that each axis on the sensor is orthogonal to the other two and that the sensitivities of the 

axes are identical, the measurements will resemble a sphere offset by some unknown bias 

and with a radius proportional to the local magnetic field strength. A sample data set is 

(photo: SparkFun Electronics) 
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shown in Figure 23, where the sphere represents the fitted model. Note that knowledge of 

the attitude of the vehicle is not required during this process. 

 

Figure 23: Calibration of the HMC5883L 

Mathematically, the algorithm performs a least-squares fit. The measurement 

model is given by Equation (41), where �⃑�0 and 𝑟 are unknowns, �⃑�𝑖 and 𝜖𝑖 represent the 

vector and noise associated with the 𝑖𝑡ℎ measurement. 

Equation (41) can be rearranged into Equation (42) which readily lends itself to the form 

𝑦 = 𝐻𝑥 + 𝜖. 

 (�⃑�𝑖 − �⃑�0)𝑇(�⃑�𝑖 − �⃑�0) = 𝑟 + 𝜖𝑖 (41) 
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Defining the quantity, 

the quantities in the least-squares normal equations can be expressed according to 

Equations (44) - (46). 

Then, provided that the measurements satisfy the observability criterion, the least-

squares solution is given by Equation (47). 

�⃑�0 and 𝑟 can be readily extracted from the solution provided by (47). Since the 

sensor biases are represented by �⃑�0, the estimated quantity 𝑟 is discarded. However, if the 

local magnetic field strength is known, then 𝑟 can be used to determine the proper gain 

adjustment required on all three channels. 

Note that due to magnetic interference from the quad-rotor motors, the 

magnetometer had to be moved to a different location on the vehicle. Since a GPS 

receiver/antenna module with an integrated HMC5883L was available off-the-shelf (see 
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Figure 24), the magnetometer was moved to the top of the vehicle, a position favorable to 

both the magnetometer and the GPS receiver. 

5.5.3 GPS Receiver 

Originally, the Venus638FLPx GPS chip made by SkyTraq Technology, Inc. was 

used. It was selected since it was available from SparkFun Electronics on a breakout 

board compatible with the interface circuit board, and since its datasheets suggested that 

it would be sufficient for this application. 

However, after many failed aerial position control tests, it was determined that the 

Venus638FLPx receiver was not sufficient. Upon closer examination, it was found that 

the device exhibited a dead-zone response with its position and velocity estimates. That 

is, if the receiver/antenna moved slower than a certain speed, or if the motion did not 

persist long enough, the velocity measurement would read exactly zero, and the position 

output would remain stationary. This suggested that a feature referred to as "position-

pinning" needed to be deactivated. Regardless, the unsatisfactory behavior persisted 

whether position-pinning was activated or deactivated. Moreover, with an unobstructed 

view of the sky, the device habitually took 5-10 minutes to attain a position fix. The 

online support community suggested that this problem was a symptom of limited power 

supply, although this seems unlikely in light of the fact that the receiver used to replace 

the Venus638FLPx did not have this problem. 

This obstacle was circumvented by replacing the Venus638FLPx with the U-blox 

LEA-6H GPS receiver. With a chip approximately the same size as the SparkFun 
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Electronics Venus638FLPx breakout board, the LEA-6H provided an incredible amount 

of control and functionality. Moreover, the sensor and its features were extensively 

documented. The LEA-6H was integrated onboard the vehicles using the 3D Robotics U-

blox GPS with Compass sensor package shown in Figure 24. As mentioned earlier, the 

magnetometer in this package is the HMC5883L. 

 

Figure 24: U-blox LEA-6H GPS receiver and compass by 3D Robotics 

The device was installed on top of the vehicles in order to give the antenna a clear 

view of the sky, which conveniently also distanced the magnetometer away from any 

high-current wires. Once the device was integrated and tested, it immediately became 

clear that the problem had been solved. In fact, on a number of occasions, the LEA-6H 

was able to get a position fix, albeit not very accurate, inside of a concrete building. 

Note that the problems with the Venus638FLPx, especially the dead-zone 

response, were the reason the position and velocity estimator were taken out of the loop. 

(photo: 3D Robotics) 
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After the sensor problem was fixed, putting the navigation filter back in the loop for 

testing was deemed too risky given the time constraints. 

5.6 GROUND CONTROL STATION 

5.6.1 Laptop 

A laptop was used to log in to each vehicle and launch the flight software through 

a terminal window. Once all vehicles were operational, the computer was used to run the 

ground control software GUI. 

The laptop ran a 64-bit Windows 7 operating system, and had an Intel i7 quad-

core processor with 6 GB of RAM. Additionally, the laptop had an Ethernet port, as well 

as built-in IEEE 802.11b/g/n compliant wireless networking capability. 

During flight test, the laptop was normally connected to the wireless router 

wirelessly. However, on a few occasions when the laptop and the router had to be placed 

far apart, a wired Ethernet connection was used to ensure a reliable connection. 

5.6.2 Wireless Router 

The wireless router was used to form a star network topology. This topology was 

preferred due to the ease with which it could be implemented, as well as the flexibility it 

would afford later on. For instance, in the system described in this thesis, the ground 

control station ran a server on the network, thereby affording it access to all of the other 

nodes. This gave the experimenter the ability to dictate the paths of communication 
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among nodes. Therefore, provided that all of the agents remained in range, the wireless 

router enabled network topologies ranging from all-to-all to nearest neighbor. 

Figure 25 shows the Netgear AC1750 wireless router that was used throughout 

the testing phase. It was chosen primarily due to its range. Additionally, for unknown 

reasons, this and other Netgear routers provided a more reliable connection with the 

Gumstix when compared to a D-Link DIR-655 Xtreme wireless router. 

 

Figure 25: Netgear AC1750 Dual-Band WiFi Gigabit Router 

During testing, this router never lost connection with the vehicles. It was able to 

simultaneously maintain multiple connections, even in the presence of other 2.4 GHz 

remote controls. Connections were tested and successfully maintained at distances in 

excess of 500 feet, in the air and on the ground. 

(photo: Netgear) 
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Note that neither the router's dual-band capability nor its high data rates were 

tested since the Gumstix Overo FireSTORM WiFi chip is only IEEE 802.11g compliant. 

While none of the tests conducted suggested that data throughput was a problem, the 

network connections have yet to be tested for video streaming applications.  
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CHAPTER 6 

TESTING AND RESULTS 

6.1 OVERVIEW 

In order to assess the performance of each algorithm, a series of tests were 

conducted. These tests were designed to simplify the process of identifying and fixing 

problems, and as such were arranged in a way that tested low-level functionality prior to 

testing high-level functionality. The testing schedule shown in Table 2 reflects the 

cascaded nature of the software architecture. 

Table 2: Summary of ground and flight testing 

Test Name 

(Flight tests unless specified otherwise) 
No. of Quads / 

Rover 
Date 

Attitude Estimation and Control (Ground) 1 / No 09/20/2013 

Attitude Estimation 1 / No 09/20/2013 

Attitude Control 1 / No 10/11/2013 

Position & Velocity Estimation 1 / No 10/14/2013 

Hover w/ Attitude Control 1 / No 10/14/2013 

Hover w/ Attitude & Throttle Control  1 / No 10/18/2013 

Waypoint Tracking 1 / No 10/18/2013 

Multi-Vehicle Communication (Ground) 2 / Yes 10/20/2013 

Rover Control (Ground) 0 / Yes 10/21/2013 

Standoff Tracking w/ Stationary Target 0 / Yes 10/21/2013 

Tracking Hover w/ Mobile Target 1 / Yes 10/22/2013 

Standoff Tracking w/ Stationary Target 1 / Yes 10/22/2013 

Standoff Tracking w/ Mobile Target 1 / Yes 10/22/2013 

Multi-Vehicle Standoff Tracking w/o Coll. Avoid. 2 / No 11/15/2013 

Collision Avoidance 2 / No 11/18/2013 

Multi-Vehicle Standoff Tracking w/ Mobile Target 

and Collision Avoidance 
2 / Yes 11/18/2013 
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The reader should note that the dates provided above represent the date on which 

the specified capability was achieved. The testing process was extremely useful, and 

exposed a number of problems that had to be addressed in the development process. 

6.2 ATTITUDE ESTIMATION AND CONTROL GROUND TEST 

This test verified that the attitude estimation algorithm was working properly. The 

attitude estimate was tested for responsiveness and robustness to sudden motions, shocks 

and vibrations. 

The quad-rotor was then tethered to the ground and flown to verify that the 

estimate could withstand motor vibrations. The tethered vehicle is shown in Figure 26. 

However, even after this test, it was not clear whether or not the attitude estimate would 

be reliable when the vehicle was untethered. 

 

Figure 26: Tethered quad-rotor setup 
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Next, the attitude controller was given control of the motors. However, the 

tethered test results proved quite hard to assess due to the intensity of the ground effect 

and the adverse affects of the tethers. As a result, this test was used primarily to ensure 

that the controller corrected in the proper direction, as well as to ensure that the gains 

were not excessively high. 

6.3 ATTITUDE ESTIMATION FLIGHT TEST 

This test involved an untethered manually controlled flight. While a safety pilot 

flew the vehicle, the attitude solution was checked for integrity. Earlier test flights 

showed that occasionally the vibrations encountered during flight caused the attitude 

estimate to change suddenly. 

The problem was eventually determined to be the IMU and interface board in use 

at the time, which were not able to provide a clean enough signal at a high enough sample 

rate. As such, a new circuit board was designed to incorporate the InvenSense MPU-

6050. The new design allowed for a higher sampling frequency, as well as for low-pass 

filtering onboard the sensor, thereby alleviating the need for excessively high sampling 

rates. 

6.4 ATTITUDE CONTROL FLIGHT TEST 

Once the attitude estimate was deemed trustworthy in flight, the attitude controller 

was activated. It soon became evident that the gains were not aggressive enough. 
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However, upon turning up the gains, the controller seemed to quickly pass through its 

gain/phase margin. 

After much troubleshooting, it was determined that the motors were not being 

updated at a high enough frequency. While the motors were originally updated at 50 Hz, 

the update rate was turned up to 250 Hz (a capability that was only made possible by the 

C-DUS Pilot board). With this change, the gains were increased substantially, making the 

attitude control very responsive, so much so that the vehicle is now capable of hovering 

undisturbed inches above the ground, despite the turbulence caused by its own ground 

effect. 

6.5 POSITION AND VELOCITY ESTIMATION FLIGHT TEST 

This flight test was conducted under manual control. As with the attitude 

estimation test, the purpose of this test was to ensure that during flight the vehicle's 

position and velocity estimates responded properly. 

6.6 HOVER WITH ATTITUDE CONTROL FLIGHT TEST 

Once attitude estimation and control were established, and once the vehicle had 

reliable feedback of its position and velocities, the position controller was tested in hover 

mode. However, for this test, only the horizontal control was activated. This was done to 

remove any cross coupling behavior that may have arisen from a poorly tuned altitude 

controller. 
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The algorithms performed well until a bug in the newly written GPS interface 

code caused a segmentation fault that crashed the program. Since the vehicle was under 

the control of the autopilot, the vehicle lost control and crashed before the safety pilot 

was able to recover it. Nevertheless, the vehicle sustained virtually no damage (except for 

some broken propellers), and the last message sent by the vehicle to the ground station 

revealed to the problem that had just occurred. 

As such, it was deemed that the hover controller was working. The bug was fixed, 

and the vehicle was prepared for the next flight test. 

6.7 HOVER WITH ATTITUDE AND THROTTLE CONTROL FLIGHT TEST 

This hover test was similar to the previous one, except that throttle control was 

given to the velocity controller. The control gains were slowly turned up until the altitude 

control response was sufficient. 

Figure 27 shows the altitude profile of a vehicle controlled by the altitude 

controller. This data was collected in later tests while the vehicle was executing a circular 

trajectory in the horizontal plane, which was likely the cause of the observed oscillations. 

As can be seen, the controlled altitude is roughly within 10 feet of the commanded 

altitude. 

The gains were turned up further; however, in doing so it was noticed that the 

altitude estimate was somewhat lagging, and as a result the control gains could not be 

made as aggressive as desired. The lagging issue will be addressed in future designs with 

additional altitude sensors. Additionally, it is likely that if the GPS measurements were 
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fused with additional accelerometer and barometric pressure measurements, then the 

gains could be turned up to make the tracking even tighter. 

 

Figure 27: Altitude controller performance 

6.8 WAYPOINT TRACKING FLIGHT TEST 

This test was almost identical to the hover test with attitude and throttle control. 

The only difference was that the position reference was changed mid-air. This test helped 

reveal a few minor bugs in the GCS GUI waypoint interface. 
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6.9 MULTI-VEHICLE COMMUNICATION GROUND TEST 

This test was conducted in the lab with two quad-rotors and the rover connected 

to the network. The objective was to ensure that all of the vehicles could simultaneously 

transit telemetry, and that the GUI could uplink information to each vehicle smoothly. 

This test was executed successfully due to the ground work done during the development 

of the software. 

6.10 ROVER CONTROL TEST 

This test ensured that the rover hardware was working properly, that the rover-

specific controllers were working, and that the vehicle was interfacing with the GCS 

properly. A few outdoor tests were conducted to ensure that the vehicle could follow 

waypoints. 

6.11 STANDOFF TRACKING WITH STATIONARY TARGET GROUND TEST 

This test was the first real implementation of the controller developed in [3]. As 

such, it was decided to test the standoff tracking controller on the rover before testing it 

on the quad-rotor. The algorithm integrated seamlessly into the rover's software (since 

most of the software was identical to that of the quad-rotor). 

The controller worked on the first try. During this test, various orbit radii and 

speeds were tried, primarily to test the algorithm's response to changes in gains. All of the 

transitions seemed smooth, and suggested that the controller was ready for flight testing. 
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6.12 TRACKING HOVER WITH MOBILE TARGET FLIGHT TEST 

This flight test went back to testing communication over the network, and hover 

control. In this case, the rover transmitted its location over the network, while the quad-

rotor attempted to hover of the broadcast reference location. Figure 28 shows this 

capability during a flight demonstration. 

 

Figure 28: Tracking hover with mobile target test 

6.13 STANDOFF TRACKING WITH STATIONARY TARGET FLIGHT TEST 

This flight test used the rover to simulate a fixed target location. Then, the quad-

rotor was placed in standoff tracking mode about the rover (using the same algorithm that 

was tested on the rover in the previous test). As with the rover, the vehicle performed just 

as expected, and the test went without incident. 

Rover 
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6.14 STANDOFF TRACKING WITH MOBILE TARGET FLIGHT TEST 

This flight test was just a continuation of the previous one, in that the rover was 

commanded to move. The test went smoothly and successfully demonstrated that the 

quad-rotor could sustain a circular path about a moving target. To test the algorithm 

farther, the  rover was place in a circular path about a fixed waypoint, while the quad-

rotor was commanded to circle the rover. Despite the fact that the controller was 

developed under the assumption that target motion was linear, the quad-rotor was still 

able to circle the rover successfully. 

6.15 MULTI-VEHICLE STANDOFF TRACKING WITHOUT COLLISION 

AVOIDANCE 

This was the first test flight involving multiple vehicles in the air. However, up 

until this point, all of the communication and control capabilities required for the test had 

been proven. As such, this test was mainly used to work out the logistical problems of 

flight testing multiple vehicles simultaneously. 

Using two safety pilots this test was successfully conducted under autonomous 

control. Since no collision avoidance was used, the vehicles were intentionally kept at 

separate altitudes to avoid collisions. Figure 29 shows the vehicles during the test flight. 

6.16 COLLISION AVOIDANCE FLIGHT TEST 

This flight test was used to check that the collision avoidance scheme worked 

properly. For safety reasons, one of the quad-rotors was flown manually in the event that 
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the algorithm caused erratic behavior. The other quad-rotor was placed into an 

autonomous hover. As the manually controlled vehicle approached, the hovering vehicle 

automatically reacted by distancing itself away from the oncoming vehicle. This reaction 

was tested from all sides as well as from above and below. 

 

Figure 29: Multi-vehicle standoff tracking flight without collision avoidance 

6.17 MULTI-VEHICLE STANDOFF TRACKING WITH MOBILE TARGET 

During this test, all three vehicles developed throughout in this work were utilized 

simultaneously. Both quad-rotors were successfully place in standoff tracking mode 

around a moving rover. The entire flight went without any human intervention, a 

testament to the collision avoidance scheme which was able to maintain sufficient 

spacing between the vehicles. The ground tracks of each vehicle are show in Figure 30. 

Quad-rotor 2 

Quad-rotor 1 
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Figure 30: Ground tracks from multi-vehicle test with collision avoidance 
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CHAPTER 7 

FUTURE WORK AND CONLCUSION 

7.1 SUMMARY OF WORK 

The work described in this thesis resulted in an autonomous swarm of quad-rotors 

capable of tracking a moving cooperative ground rover. These capabilities were achieved 

through the development of a custom autopilot system, consisting of in-house flight and 

ground control station software, as well as the design of the C-DUS Pilot board that 

allows for seamless and compact integration of the Gumstix Overo Fire(STORM) COM. 

In principle, the capabilities developed in this thesis are extensible to additional types of 

vehicles such as fixed-wing aircraft, and can be applied to non-cooperative targets with 

the addition of vision sensing. 

The software component of this thesis resulted in over 12,000 lines of C++ code. 

This code was written in a modular format that will be simple to modify in future 

applications. A byproduct of the flight software development are a set of functions and 

classes that provide an array of functionality, including formatting telemetry messages, 

conducting thread-safe cross-thread message passing and time keeping, and performing 

navigation calculations. Additionally, a ground station GUI was developed in order to 

command the vehicles and to facilitate testing. The GUI was designed to be easy to use 

and was tested extensively alongside the autopilot flight software. 
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The hardware component of this thesis produced a strong foundation for future 

development. The circuit board designed in this work served to integrate a number of 

components that otherwise would have required a much larger volume to install. Instead, 

the C-DUS Pilot board allowed for an easy and reliable way to integrate all of the 

essential components in a volume small enough to fit under the TSH GAUI 500X 

protective covering. Moreover, the C-DUS Pilot board proved flexible enough to 

accommodate some changes in sensor configuration that were not explicitly anticipated. 

The software and hardware capabilities developed in this work were verified 

through extensive flight testing. The testing demonstrated the reliability of the system, 

ultimately culminating in a quad-rotor pair implementing active collision avoidance and 

executing a standoff tracking trajectory about a moving ground rover. Additionally, these 

tests proved that the ground control station GUI enabled one operator to simultaneously 

command a heterogeneous set of vehicles safely and reliably. 

As stated in the introduction, the ultimate goal of this thesis was the development 

of a multi-agent compatible in-house autopilot system. From the beginning, this system 

was intended as a building block for future projects. Consequently, the importance of 

developing it from the ground-up stemmed from the desire to have absolute control over 

the software and hardware, thereby allowing the system to be tailored to the needs of 

future projects and experiments. 

This project demonstrated a set of baseline capabilities that constitute a functional 

autopilot system. However, the following sections detail a number of areas in which this 

project can be further developed and improved. 
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7.2 GROUND CONTROL STATION 

While the ground control station developed in this project was sufficient for the 

purposes of this thesis, it stands to be improved in a number of ways. First, a laptop was 

used to run the ground station. However, in mobile testing applications it is highly 

desirable to have as light and compact a system as possible. Today's market offers a 

variety of tablet devices that could be used in lieu of the laptop while requiring minimal 

changes in the ground control software. Since the ground station makes use of a WiFi 

network, it would also be possible to port the software onto a smart-phone. 

However, as the interface invariably shrinks in size on smaller mobile devices, it 

becomes necessary to streamline the human-machine interface further. For instance, in its 

current form the ground station relies on a set of pull-down menus, lists, and text input 

boxes to add and modify waypoint information. To add a waypoint, the user must first 

click an "Add Waypoint" button and then click a point on the map. If the user wishes to 

edit the waypoint's position, he or she must click an "Edit Waypoint" button and click on 

the map again. However, the interface would be much leaner if the user could simply 

click and drag the waypoint as desired, and then access a pop-up menu when parameters 

like waypoint type or altitude need to edited. 

The use of modern tablets or smart-phones allows for the incorporation of 

orientation-based, or even gesture-based inputs. These inputs could readily be gathered 

from accelerometers, gyroscopes, and magnetometers that now come standard in such 
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devices. These capabilities would provide the system with a wide array of human-

machine interaction possibilities. 

Lastly, the experiments outlined in this thesis consisted of one ground station 

controlling one or more vehicles. However, the software architecture developed in the 

flight software allows for the use of multiple ground stations to control one or more 

vehicles. With some modifications, this capability could be used to explore additional 

areas of human-machine interaction in collaborative and distributed systems. 

7.3 HARDWARE INTERFACE BOARD 

The C-DUS Pilot board designed in this project serves as the first iteration of 

interface boards. The Gumstix Overo has proven to be a compact, reliable, and highly 

capable computational platform. As such, the size of the Overo serves as a lower bound 

on the size of the hardware interface board. 

By this measure, the C-DUS Pilot board in its current revision could be reduced in 

size by over 50%. However, doing so would require that the new revision be able to 

interface with the Overo directly, thereby replacing the Pinto-TH expansion board, while 

also accommodating the current functionality. 

7.4 VEHICLE PLATFORMS 

This project utilized 500 mm class quad-rotors and a ground rover. Future 

development should investigate smaller quad-rotors (i.e. less than 10 inch class). 
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However, doing so would necessitate that the C-DUS Pilot board be reduced to its 

minimum size. 

Fixed-wing aircraft will also be explored. This leap could perhaps be ameliorated 

by the use of a vehicle like the Transition Robotics Quadshot, shown in Figure 31. 

 

Figure 31: The Quadshot by Transition Robotics, Inc. 

Like a quad-rotor, this vehicle is capable of vertical takeoff and landing, as well 

as hovering. However, it is able to transition into fix-wing flight mode by gaining 

sufficient airspeed. Its quad-rotor like layout could be used to leverage the proven 

capabilities of the autopilot developed in this thesis, while its fix-wing flying abilities 

could be used to develop suitable control algorithms for the autopilot. 

(photo: Transition Robotics, Inc.) 
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Note that unlike a conventional airplane, this vehicle also offers unique control 

input combinations. For example, like a conventional aircraft, this vehicle can use its 

ailerons to roll while flying like a fixed-wing aircraft. However, it can augment this 

control input by applying differential torques on its propellers, thereby allowing it to 

perform highly agile maneuvers even at very low airspeeds. 

7.5 COLLISION AVOIDANCE 

The collision avoidance scheme developed in this thesis showed some promising 

results. Additional testing is required to fully characterize its performance. Moreover, due 

to time constraints and since development of collision avoidance schemes was not one of 

the core objectives of this work, a thorough literature review was not conducted on 

existing collision avoidance algorithms. 

Consequently, future work on this project should include a better understanding of 

the state of the art of collision avoidance, as well as analysis of the current scheme's 

performance and stability characteristics. The latter should also be investigated in 

conjunction with the dynamics introduced by the standoff tracking algorithm discussed in 

[3]. 

7.6 VISION SENSORS 

All of the experiments described in this thesis were conducted using GPS 

measurements as the only form of position feedback. This was done for waypoint 
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navigation, as well as for collision avoidance. The next major step in the software and 

hardware development of this system will be the addition of vision sensors. 

Integration of a vision sensor into the existing system architecture will require 

some hardware modifications. The primary challenge will be to interface with the 

Gumstix Overo processor through the existing high-speed parallel interface. 

Once the hardware is integrated, a significant amount of work will be required to 

select and/or develop the proper drivers for the new sensor in kernel space. Once the 

device is accessible from user space, a slew of algorithms will have to be chosen and/or 

developed for purposes object detection and pose estimation. 
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