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Abstract

This paper provides an overview of UCSD’s AUVSI aircraft designed to meet the require-
ments of the 2008 AUVSI Student UAS competition. The team’s Sig Rascal 110 is controlled in
the air by a Procerus Kestrel autopilot. While in the air, the plane flies through a designated
set of waypoints and then searches a field for targets using a Canon camera and a robust image
detection scheme. Images are processed on board the plane during flight and sent to the ground
station in real time, allowing for dynamic retasking. While the system goals are complex, use
of commercial-off-the-shelf products allows for low cost and a high degree of flexibility. Safety
is also a priority as the aircraft can be controlled through autonomous mode (in a ground sta-
tion), through a 900MHz autpilot pass through, and through a 72MHz hard cutover which can
be activated if the 900MHz band proves unreliable.
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1 AIRFRAME

Figure 1: The UCSD Sig Rascal

1 Airframe

1.1 Sig Rascal Overview

The UCSD airframe is the Sig Rascal 110” purchased in an almost-ready-to-fly configuration. Total
assembly required close to six hours, including some minor variations from the factory set up. All
the servos located in the fuselage were relocated to the aft compartment and a significantly larger
fuel tank was installed close to the center of gravity. Several bulkheads were modified to allow
access to various components; because of the overbuilt nature of the Rascal, this has not sacrificed
the durability of the airframe. A higher power 2-stroke nitromethane engine was installed; the O.S.
BGX1-3500 engine outputs up to 4.1 horsepower.

The aircraft’s easy handling and ample power make it an appropriate choice for new pilots; these
same characteristics make it a forgiving platform for imaging and autonomy. A 40 oz fuel tank sup-
plies standard model engine fuel (10% nitromethane) to the inverted engine which spins a 20”x8”
wooden propeller. Endurance is higher than the standard configuration used by R/C flyers to the
larger fuel tank and the engine’s lower mission RPM. A 72MHz radio system controls a manual
override switch that is capable of gaining complete flight control of the aircraft. This system could
prove invaluable if the ground station computer or commbox fails. The 72MHz band was chosen
due to the amplified 2.4GHz system used by the WiFi downlink.
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1.2 Payload Environmental Isolation 1 AIRFRAME

Wingspan 9.17 ft
Wing area 10.56 ft?
Aspect ratio 7.95
Empty Weight 14 lbs
Powerplant 0.S. BGX1-3500
Maximum speed 55 mph
Wing loading (full) 30.24 55

1.2 Payload Environmental Isolation

Because of the high vibrations induced by the engine, a removable tray holds all vibration sensitive
hardware. The overall design satisfies several factors including accessibility (for hardware instal-
lation), durability (during landings or a crash), and dampening. The engine is the major source
of vibration, requiring effective dampening in the 25-167Hz range. For design, a maximum load
weight of 13 pounds inside the case was considered.

A major consideration was the interchangeability of the case in the event that an aircraft sub-
stitution was necessary. The snug fit of the case allows the case to slide in and out of the payload
tray while remaining secure in flight. USB and serial ports on the PC are oriented on top of the
case to allow easy connection for equipment. The Kestrel autopilot sits on the top of the case,
preserving its horizontal orientation. Half an inch of clearance from the case cover allows pitot and
static tube hoses to sit without being pinched. Furthermore, the design allows quick access to all
major components, allowing for easy configuration. Aluminum was used to keep the entire payload
tray under the 13lb limit set by the team.

Even with a high payload mass dempening vibrations, vibration sensitive hardware requires even
more damping. Springs of stiffness, 250 %, critically dampen the box; this uses an assumption of
a transmissibility of 10 since total vibration isolation is difficult to achieve. Given the floor vibra-
tion of 1500-10000 RPM and requiring a damping ratio of nearly 1, the stiffness can be calculated

through transmissibility:
1+ (22()?
- 220 "
(1

— 20+ 2P
where w = \/% . This necessitates a simple spring of wire diameter of 0.1” with outside diameter of
.57 and 20 active coils with & = 100 1b/inch each; over 10 such springs and foam are used throughout
the case. Several overestimates of stiffness were made since replacements are not available for major
components. This provides adequate reinforcement in the event of crashes, hard landings, and other
extreme events.
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2 AUTOPILOT

Figure 2: A prototype of the vibration isolated payload box being loaded into the Sig Rascal before
a test flight

2 Autopilot

2.1 Procerus Technologies Kestrel Autopilot

A commercial off the shelf autopilot, Procerus Technologies Kestrel, was identified and integrated
into the airframe to provide the autonomous capabilities for the aircraft. The autopilot hardware
uses a suite of sensors to provide the necessary data for controlling the aircraft; these include three
magnetometers, three rate sensors, three accelerometers, a dynamic and static pressure port, a
GPS sensor, and three temperature sensors. The Kestrel uses an onboard 8-bit 29MHz processor
to handle all the sensor data and run the code necessary for controlling the aircraft via four servo
ports on the actual Kestrel unit and eight additional servo ports on a servo expansion board. The
Kestrel uses a Maxstream 9XTend 900MHz 1000 mW wireless modem to communicate with the
ground station; this connects to the bottom face of the autopilots PCB board through the modem
header. The two components were then secured together with heat shrink tubing to prevent any
separation during normal operation. In addition to controlling the flight surfaces and throttle of
the aircraft, the Kestrel autopilot can perform GPS navigation using waypoints uploaded to the
autopilot from the ground station.

2.2 Procerus Technologies Ground Station

The ground station for the Kestrel autopilot consists of a Commbox and Virtual Cockpit soft-
ware. The software is loaded on a laptop computer that communicates with the Commbox through
a standard RS232 connection; the commbox communicates with the autopilot using a matching
Maxstream wireless modem. The Commbox has its own internal battery, allowing the ground sta-
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2.2 Procerus Technologies Ground Station 2 AUTOPILOT
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Figure 3: Block diagram of the Kestrel system, from [5]

tion to be used in the field even when an external power source is unavailable. A standard R/C
transmitter interfaces with the Commbox through an R/C trainer cable, allowing manual control
of the aircraft through the Kestrel as needed.

The Virtual Cockpit (VC) allows the user to properly configure the Kestrel and safely operate
the unit during autonomous and semi-autonomous flight. The team used VC to setup the Kestrel
for the specific servo arrangement on the aircraft and calibrate the sensors on the Kestrel for its
particular mounting arrangement within the airframe. The VC also features a PID gain window,
used to tune the various PID control loops for acceptable response under steady flight.

Waypoint navigation is one of the primary control modes that can be activated on the Kestrel
through the VC. The user can upload a pre-composed list of waypoints or dynamically create a list
in the VC interface by clicking on a pre-loaded geo-referenced image file. In addition, the user can
manually enter the waypoint parameters in the VC interface if needed. The VC and Kestrel have
the ability to modify the list of waypoints in flight, creating a highly responsive interface if real
time changes are required for the flight plan. An open source simulator program, Aviones, can be
used in conjunction with the Kestrel, VC, and aircraft dynamics file to perform hardware in the
loop simulation of an actual flight plan before the aircraft leaves the ground.

A heads up display with relevant aircraft parameters and modes is present in the main window
of the VC at all times for the benefit of ground station personnel. Telemetry data for each flight
is automatically stored by the software for post analysis and replying the flight in VC. More de-
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3 SAFETY
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Figure 4: Left: Kestrel IMU. Right: Kestrel ground station commbox

tailed data can be extracted and logged from the various sensors on the autopilot through a data
logging window in VC. This option allows for precise analysis of the sensor system outputs for
troubleshooting during flight or on the ground.
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Figure 5: Heads up display of the virtual cockpit, from [5]

3 Safety

There are several levels of safety implemented in the UCSD system. Like in most COTS autopilot
systems, the pilot can use an R/C controller connected to the ground station computer and fly
the plane in an “R/C” mode. However, this presents a lag which can prove fatal to the aircraft in
situations such as crosswind landings. In addition, interference on the 900MHz band can sometimes
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3 SAFETY

be an issue. In order to bypass these problems, the control source of flight servos is dictated by
a 72MHz radio control system. A spare channel on this R/C band physically controls an array of
micro switches which select if signal pulses recieved by the flight control servos originate from the
R/C system or the autopilot. Regardless of signal source, DC servo power is always provided by a
6V 2700mAh flight pack which also powers the 72MHz reciever.

Figure 6: Left: A:Override switch array, B: Autopilot signal in, C: 72MHz signal in, D: 72MHz
receiver, E: Control output, F: override servo. Center: in autopilot control mode. Right: in R/C
control mode

The autopilot has the capability to return to a lost-comm waypoint (if GPS guidance is avail-
able) or perform an aerodynamic flight termination (in the event of lost comm and GPS) in order
to reduce risk to field assets and spectators. The availability of a backup system makes situations
where the autopilot termination rules are necessary rare; if the 900MHz signal is lost, the pilot can
either let flight termination or waypoint-based navigation continue as programmed, or take over
through the R/C controller. Even so, the R/C system myst be activated to gain control, ensuring
that if both the 72 and 900 MHz bands are lost, the aircraft will undergo the flight termination
modes specified by the rules.
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4 PAYLOAD AND TELEMETRY

4 Payload and Telemetry

4.1 Systems Overview

On-board Computer

Gphoto2 Image Processing

GPS Averaging Correlation
{ QOperator )
Target Database

| Ground Station |

Figure 7: Overview of image processing systems

4.1.1 Central Computer

Image acquisition and processing is performed by a Kontron JRex-PM single board computer with
a 1.8GHz Intel Pentium M 745 and 1GB RAM. The board is expressly built for airborne systems.
It has a total footprint of 47x5.8”x1.77”, weighs 0.62 pounds, and uses tantalum capacitors which
do not exhibit the microphonic effect when vibrated. One of the more sensitive parts of a computer
is the hard drive; traditional laptop and desktop drives fare poorly under constant vibration and
impact and would need to be replaced often. As a result, the team is using a 16GB Samsung solid
state hard drive capable of withstanding continuous 20G vibrational loads and a 1000G impact
load.

Telemetry for image processing is provided by a Garmin GPS18-5 5Hz GPS unit. Acquired data is
processed through a nonlinear two stage estimator (with time-domain smoothing) as described in
[2]. This method provides 5Hz latitude and longitude data to within a 3 meter accuracy; however,
altitude error is not significantly reduced. Filtered data is made available on a localhost server for
use by any process requiring telemetry data.

4.1.2 Power Systems

Given the wide variety of electronic systems on board the aircraft, the team designed a custom
power regulator which steps down 14.8V (provided by three parallel 4400mAh lithium-ion battery
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4.2 Image Capture 4 PAYLOAD AND TELEMETRY

Figure 8: Single board computer and solid state hard disk

packs) to 5V (computer), 6V (servos), 7.4V (camera), and 12V (autopilot). Because all the elec-
tronics are powered by a single set of batteries, there is a considerable weight savings; center of
gravity can also be easily modified based on flight conditions because of the centralized battery
mass. Power monitoring is also simplified as the autopilot provides a real-time status of the battery
voltage.

Critical criteria for battery selection are weight, energy density, and output voltage. The nom-
inal aircraft energy requirement for a 45 minute flight is 8.5Ah with a maximum 12V output; with
a safety factor of 1.5 (for unexpectedly high power draws), this translates into a total 12750mAh
requirement. The use of three Tenergy 14.8V batteries wired in parallel translates into 13200mAh
at 14.8V output, providing ample power for ground calibration, flight, post-flight checkout — with
reserves left. Design criteria for the regulator board necessitated low dropout linear regulators; our
design uses Linear Technologies LT-1083CP regulators which are over 90% efficient in their target
voltage range; thus they satisfied the functional requirements of the payload power system.

4.2 Image Capture
4.2.1 Camera

In order to select the optimum camera for the mission, we first examined the various known flight
and target parameters. In order to find the resolution of the camera R, we start with a flight
altitude h, camera viewing angle 6, average target size ¢, algorithm mandated target resolution r,
and height:width ratio of 3:4. Using simple geometry, we find that:

R (%(3‘?(9)”)2*2 @)
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4.2 Image Capture 4 PAYLOAD AND TELEMETRY

Flying at an altitude of 500 feet and using a camera with a 30° half-viewing angle, while
looking for 3-foot targets with a filter that requires targets of 9 pixels, equation 2 suggests a 5.1
megapixel camera. On the other hand, a slightly faster algorithm might search 10 pixels, and thus
would mandate a 6.3 megapixel camera.

Other factors were considered such as lens quality and distortion, image stabilization, and com-
puter controllability. With these requirements in mind, we selected a 6.0 megapixel Canon S3-IS.
This meets the resolution requirement; the camera also features a hardware image stabilizer which
removes high frequency vibrations from the lens assembly, thus resulting in a clearer picture.

The camera is controlled through the Gphoto2 API [4] written in C+4. The code captures an
image, correlates the image with the current aircraft state — lat, lon, heading, and altitude — and
stores the data to a MySQL table.

4.2.2 Image Stabilization

Aside from GPS accuracy, the main requirement for accurately locating the target is camera sta-
bility. In order to keep the camera pointed at the ground at all times, a two-axis gimbal is used.
As the camera moves away from the vertical, the image center moves away from the GPS center
of the plane and the picture undergoes a geometric shear. While computational corrections can be
used, they require overhead which slows down image processing. Because it is desirable to keep
any antennas pointed normal to the ground, our WiFi antenna is mounted to the gimbal.

The gimbal is composed of a two degree of freedom (DOF) pan/tilt assembly which houses the
main camera and comuunications antenna. Each DOF is controlled by a servo which is first
mounted onto lightweight plywood and then to a 1/8” aluminum frame. During flight, the pan/tilt
directs the camera using a 2-axis thermocouple sensor which outputs a voltage proportional to the
difference in infrared gradient (and thus, roll and pitch) between the two sides of the aircraft.

Miniature Hitec HS-225MG servos are used because of their size and weight; at roughly 1 oz,
they are lighter than standard servos (about 1.6 oz) and have a similar torque (54 oz-in @ 4.8
V). The gimbal provides a full range of motion of 20° from the camera center and reacts quickly
due to its low inertia. Consequently, a 0.5” pitch diameter gear is mounted on the servo with a
corresponding 1.5” pitch diameter hub-mounted gear connected to each pan/tilt frame. The gimbal
is affixed to the aircraft using rubber feet which dampen vibration, reducing blur and error in the
computed GPS coordinates.
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4.3 Communications 4 PAYLOAD AND TELEMETRY

4.3 Communications
4.3.1 Previous Experience

During the first year competing at Webster Field, there was a great deal of radio interference
between our payload package and the 900MHz frequency on base. As a result, our communucations
network uses the 802.11g band. Considering last year’s experience, we do anticipate some noise
on the 802.11g band from other teams’ systems. Even so, several studies indicate that WiFi is a
promising method for communicating with UAS’s ( [3], [6]), and so, we expect to field a relatively
successful data network.

4.3.2 Specifications

Communications hardware selection was driven by FCC Regulation Sec. 15.204 [1] which notes that
“an external radio frequency power amplifier shall be marketed only in the system configuration
with which the amplifier is authorized and shall not be marketed as a separate product.” The
system consists of one Hawking HWR54G routers and two Hawking HSB2 amplifiers. This system
allows access to images from the aircraft during flight, allowing for real-time target monitoring.

4.4 Image Recognition
4.4.1 Algorithm Description

The UCSD image detection scheme is presented by Paul Viola and Michael Jones in their paper
Robust Real-time Object Detection [9]. The alrogithm’s implementation is modified through the
use of OpenCV [7], an open source computer vision library which allows the team to save time and
minimize debugging by using well tested implementations of standard routines.

The Viola/Jones object detection algorithm was chosen due to its speed, accuracy, and widespread
support in industry. The algorithm takes a greyscale representation of an image and represents
it as an array of summed pixel intensity values; this integral image representation allows for very
rapid operations on an image. Target classifiers (features) are constructed by taking multiple weak
classifiers which are found through a process known as AdaBoost [8], a supervised learning scheme
that places weights upon paired data consisting of images and their labels. The weak classifiers are
binary features that work by comparing the sum of all pixel intensities (easily referenced from the
integral image) within a given sub-window of the image in question to a threshold value determined
by taking the mean intensity of the sub-window as applied to all training data.

In addition, the algorithm utilizes a cascade to select features that minimize the false positive
rate. The cascade is an iterative process that finds a strong classifier via successive calls to Ad-
aBoost. The strong classifier is composed of multiple weak classifiers that determine if there is
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4.4 Image Recognition 4 PAYLOAD AND TELEMETRY

Figure 9: A potential target as identified by the Viola-Jones algorithm

an object of interest present within the image. Training the algorithm consists of testing every
possible target feature against a set of negative and positive images, a process that takes a very
long time (week scale) even with considerable processing power.

When processing images, the algorithm cycles through the possible sub-windows of a given size
and runs the cascade of strong classifiers on each subwindow. If any step of the cascade finds that
there is no object in the current sub-window, the algorithm shifts to a new section of interest. If
any stage returns that there is a possibility of a true positive, subsequent stages of the cascade are
run until all stages of the cascade report that an object exists. This process results in the algo-
rithms high accuracy and low false positive rate. In the case where the algorithm returns multiple
overlapping targets in a small region, they are aggregated together to form one target. From here,
a user can differentiate between targets.

Once an image has been fully analyzed, the resulting information is saved into a MySQL database
along with all other metadata for the image including GPS location, aircraft heading and altitude,
and target size. Future plans for the UCSD image detection scheme include incorporating pixel
color information to enhance the speed and accuracy of detection, as well as automate the detection
of foreground and background color for targets.

4.4.2 User Interface

The Image Station is a control center that allows the UAS operator to manage and manipulate tar-
get data. The software is responsible for acquiring images and their appropriate metadata from the
airplane during flight for immediate review on the ground. The aircraft’s on-board image detection
algorithm stores results in a MySQL database which is made available over a network; the Image
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4.4 Image Recognition 4 PAYLOAD AND TELEMETRY

Station automatically updates the ground SQL databse with any new targets and corresponding
images. With this information, an operator can update target information within an image, add
targets that the algorithm missed (false negatives), and delete targets from an image (false posi-
tives). The software also allows the user to mark additional target data that are not found by the
image detection algorithm such as the target character, color, and orientation.

Once the user has defined all targets from the flight image set, the metadata can be exported
as an XML file which can then can be manipulated in many ways. For example, the XML file
can be used to create a visually informative website about the targets, or to simply provide a well
organized printable version of the data. The flexibility of the data structure allows various depths
of information to be retrieved from a single source, making it easier to target the data in real-time
to a variety of audiences. For example during a search and rescue mission, responsible agencies can
be given access to the finest level of data while news organizations can pull from top-level summary
levels.

Future plans include integrating all ground based software that interacts with the plane into one
program, consolidating control and enhancing the ability of one individual to manage and control
the plane.
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4 PAYLOAD AND TELEMETRY
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Figure 10: The UCSD Image Station interface
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