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Abstract

Graduate and undergraduate students at the University of Florida are in the process
of modifying and testing an autonomous submarine, SubjuGator, to compete in the 2003 AU-
VS/ONR Underwater Vehicle Competition. SubjuGator is designed to operate underwater at
depths up to 100 feet. Its motor orientations can be configured to optimize for mobility or
speed. SubjuGator’s body has mounts to support up to ten motors, each of which may be ori-
ented in a multitude of directions. SubjuGator is controlled through a single-board Pentium3
based computer running the Linux operating system, which is interfaced to the motors
through a microcontroller and to the camera through an IEEE1394 connection. On-board
sensors include a digital compass, a fluidic inclinometer, a pressure sensor, and a sonar al-
timeter. Additionally, mission specific sensors include a high-resolution progressive scan
camera and hydrophone system. In this paper, we first describe the mechanical construction
of SubjuGator, including the mechanism used to deliver markers to the active target. Next, we
describe the electronic and processing hardware as well as the motivation for our electronic
design. We then discuss the various on-board sensors and mechanisms, both mission-
dependent as well as mission-independent. Finally, we comment on vehicle control strategies
and how we expect a typical competition run to proceed using the subsystems onboard Sub-
juGator to meet the mission goals.

1. Introduction

The Autonomous Unmanned Vehicle Sys
tems International (AUVSI) and the Office
of Naval Research (ONR) are sponsoring the
Sixth  Annua International Autonomous
Underwater Vehicle Competition to be held
in San Diego, Cdlifornia at the SPAWAR
facility August 7" through 10™". A student
team at the University of Florida is once
again developing an AUV for thislatest con
test. SubjuGator has been revised and redes-

igned to meet the challenges of this year's
competition.

To successfully complete this year's compe-
tition objectives, submarines must be able to
differentiate an active arrow, designated by
lit LEDs, from a set of three arrows situated
on the floor of an underwater arena. They
must then follow the approximate direction
of the ative arrow and sounds emitted by
the pinger corresponding to the active target.
Finally, the submarine must deposit a



marker onto the target, which consists of
three tiered trays of decreasing size with an
LED in the center of the smallest, topmost
tray. Points are awarded for successfully
passing through a starting gate, for deposit-
ing markers on the target, and for the time
taken to compl ete the given tasks.

In this paper, we first describe the mechani-
cal construction of SubjuGator, including
the mechanism used to deliver markers to
the active target. Next, we describe the elec-
tronic and processing hardware as well as
the motivation for our electronic design. We
then discuss the various on-board sensors
and mechanisms, both mission-dependent as
well as missionrindependent. Finaly, we
comment on vehicle control strategies and
how we expect a typical competition run to
proceed using the subsystems onboard Sub-
juGator to meet the mission goals.

2. Mechanical System

As a third-generation vehicle, SubjuGator
embodies the lessons learned in six years of
autonomous underwater vehicle (AUV) de
velopment. We considered several key e
sign criteria, including the vehicle’'s hydro-
dynamics, its survivability in a salt-water
environment, and its adaptability for differ-
ent missions through easy motor reconfigu-
ration and future sensor additions.
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Figure 1: Body
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2.1 Body

The 36" long octagonal shape is composed
of 0.25" thick aluminum plate and 0.5" thick
sguare bar. A bulkhead on each end fastened
with quick-release latches keeps the inter-
nals dry, while allowing access to the com-
ponents from either end of the submarine.
Three hard-point rings are welded onto the
frame (Figure 1) to strengthen the structure,
provide mounting points for exterior sensors
via blind-tapped holes, and cary all
through-hull connections. The central hard-
point ring also contains the cylindrical
mounts for eight motors. The mount allows
the motor’s thrust to be positioned in line
with the body, or perpendicular to it. With a
mount on each of the eight faces of the sub-
marine, a multitude of motor configurations
are possible, alowing the vehicle to be
adapted and optimized for a particular situe-
tion or mission. Figure 2 shows one configu-
ration (&) optimized for mobility while the
other (b) is optimized for speed and power.
For the 2003 competition, we have chosen
configuration (a) to maximize maneuverabil-

ity.
2.2 Farings

The fore and aft flooded 14" farings provide
a more streamlined flow around the vertical
motors and the frame. Additionally, the far-
ings offer structural support and protection

Figure 2: Example Configurations
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to any sensor mounted within them. Both
farings are open on the top and bottom to
provide for upward or downward looking
sensors. Moreover, the forward section of
the frontal cone is open for any forward-
looking sensors.

23 Motors

All six motors are Motorguide Power Plus
eectric trolling motors with 6.75" diameter
propellers. At 12V these motors provide go-
proximately 22 pounds of thrust, and are fit-
ted with custom O-ring seals that allow for a
sdt-water depth of up to 100 feet. Each no-
tor is shrouded to prevent incidental Hade
contact.

2.4 Through-hull connections

All through-hull connections use Burton
5500 series sealed and molded underwater
connectors. A kill switch is implemented
with a Gianni hermetically sealed push-pull
switch that disconnects power from the no-
tors and initiates a software motor kill rou
tine. A power switch is implemented with a
Gianni hermetically sealed SPST switch.

2.5 Interior layout

Two shelves guided on delrin rails provide
support for all the internal electronics and
power. Batteries and high-power electronics
are stowed in the lower shelf to provide a
metacentric righting-moment, while the -
per shelf houses the remaining electronics.
Electrical connections terminate at connec-
tors at the front of the submarine for effi-
cient removal of both shelves.

2.6 Exterior components enclosure
SubjuGator uses a custom built underwater

vison system. To contain the camera and
its connecting electronics, we have con
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structed an external downward mounted
camera enclosure. This enclosure is mounted
on the front nose of the submarine nomi-
nally pitched at O degrees forward, but is re-
configurable between zero and 40 degrees. It
is constructed from a PVC compression fit-
ting using a glass plate at one end, and a
hose fitting at the other. The enclosure is
connected to the internal cavity of the sub-
marine, and therefore of equal pressure.

This year, the enclosure was expanded using
a PVC T-connector and hoses to connect a
structure containing the amplifier circuitry
for the hydrophones. The amplifier struc-
ture is constructed of the same materials as
the camera structure and mounted on the
front of the vehicle with a second watertight
tube running wires between the amplifiers
and the hydrophones.

For extreme depths and testing purposes the
submarine’s internal cavity can be pressur-
ized using a compressor and tubing attached
to the camera enclosure connection. Equaliz-
ing pressure at extreme depths reduces the
pressure gradient on the submarine, and,
thus, the chance of hull failure. Pressurizing
the cavity has aso assisted us in finding m-
crofractures in the outer casing of the sub-
mersible.

2.7 Marker dropping mechanism

The dropping mechanism was designed b
safely carry and deliver two markers to the
active target and release them when the tar-
get is detected. The markers selected for use
on SubjuGator are stedl balls with a diame-
ter of 1.500 £ .002 in. A spherical ball was
chosen for its aerodynamics structure, ere-
bling it to descend quickly with as little drag
and drift as possible.

The dropping mechanism, shown in Figure
3, is mounted externaly on the ventral side
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near the frontal cone of the submarine. The
mechanism is actuated through SubjuGator’s
aluminum hull wall by an electromagnet that
atracts a rectangular piece of steel. The
electromagnet is discussed further in section
3.5. Throughout the mission, the mechanism
carries the markers within a holding tube,
made of PVC pipe. When the target is de-
tected, the electromagnet is activated, at-
tracting the steel on the mechanism arm and
pulling a pin that allows a trap door to open
and the markers to fall onto the target.

Figure 3: Dropping Mechanism

The mechanism is a four bar Hoekentype
linkage, as shown in Figure 4. This type of
linkage was chosen in order to achieve qo-
timum straight-line movement on any point
of the coupler, allowing the pin holding the
trap door to be removed in a straight line.

?X

Figure 4: Hoeken Four Bar Mechanism
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This mechanism was selected for its simplic-
ity and because it creates straight-line no-
tion. Designing for a starting angle of 170
degrees and a range of 20 degrees, the fol-
lowing ratio must be true in order to achieve
astraight line:

i 2.975; Ls. 3.963 X 0.601
L2 L2

L2

Finally, due to a design requirement that L3
must be 2.5 inches long, the following link-
age lengths were computed:

L1=1.8767

L2 =0.6308

3. Electrical System

The electrical system of the submarine is
composed of a power system (batteries and
motor drivers), computing resources (x86
processor, microcontroller), sensors that
provide information about the environment
to the vehicle, and a circuit to control and
power the electromagnet used to actuate the
marker dropping mechanism, discussed in
section 2.7.

3.1 Power supply

SubjuGator uses five Powersonic 12 Amp-
Hour 12V sedled lead-acid batteries — three
to power the motors, one to power the elec-
tronics, and one to augment the voltage sup-
plied to the eectromagnet. A Keypower
DX250H DC-DC ATX power supply pro-
vides for al of the electronics contained
within the submarine. This configuration al-
lows for 2.5 to 3 hours of operationa run
time.

3.2 Computing

The various tasks of the computing system
on SubjuGator demand different approaches.
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First, the vison system and the main intelli-
gence require a powerful processor to per-
form real-time decision making and analyze
the incoming sensor data. Second, the motor
system requires a consistent and dependable
output to control motor speed. To service
these systems we chose the EEPD Pentium3
700MHz Envader embedded single-board
computer, and the Motorola 6BHC11 micro-
controller.

3.2168HC11

The Motorola 68BHC11 is an eight-bit micro-
controller unit with flexible and powerful
on-chip peripheral capabilities. These in
clude an eight-channel anaogto-digital
(A/D) converter with eight bits of resolution,
an asynchronous serial communications i+
terface (SCI), and five output-compare tim-
ing output lines [5]. The A/D converter, to-
gether with the SCI system, interfaces ame-
log sensors to the main processor. The SCI
system also receives motor output specifica
tions, which are fed to the output-compare
lines to generate precise speed control
(PWM) for the motors. These signals are
then fed into motor driver boards, designed
in house, to provide accurate high-current
motor control.

3.2.2 Main processor

Top-level control is handled by an EEPD
Envader single board computer. This Pen
tium3-based 700MHz board has 256MB of
RAM, 20GB hard drive, IEEE1394 (Fire-
wire), USB, PC/104+, and runs Red Hat
Linux 9.0 [2]. We are usng a PCMCIA
adapter to interface our wireless Ethernet
card. All sensor information, gathered on
one system, is evaluated, and consequent in-
structions are then issued to all subsystems.
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3.2.3 Wireless system access

A communications interface between a base
gation and the vehicle utilizes a wireless
Ethernet (802.11b) connection with an
11Mb/s datapath. We are using ZoomAir
4105 cards. This alows secure shdll, ftp, and
simultaneous programmer access for parallel
code development and debugging.

Testing of the submarine is performed by
remote eration through software running
across the wireless link. By viewing the real-
time sensor data, we can tune most aspects
of the submarine’s intelligence and control.

3.3 Navigational sensors

For even the most basic operation, an AUV
must be able to maintain a heading, depth
and attitude. Regardless of mission specific
operations, sensors allowing for such control
are present on amost al AUVs. We define
these as navigational sensors.

3.3.1 Digital compass

SubjuGator uses a TCM2-50 compass from
Precision Navigation. With atriaxial magne-
tometer, a fluidic inclinometer, and a micro-
processor, this compass generates heading,
tilt and roll information throughout its @-
erational range. This sensor interfaces with
aseria port on the EEPD.

3.3.2 Depth sensor

Depth measurements are gathered with a
Measurement Speciaties MSP-320 series
pressure sensor. It is rated to 25 PSI with a
rated accuracy of * .25 PSl &@nd outputs an
analog voltage between 1 and 5 volts, which
trandates to a depth resolution of +£2 #hches.
This sensor interfaces with a A/D converter
on the 68HC11.

Page5 of 10



3.3.3 Sonar altimeter

We acquire height measurements with re-
gpect to the floor of the pool with a Datason
ics PSA-916 sonar altimeter. Our mode is
modified to measure distances from 30cm to
100m with a resolution of 1cm over an RS-
232 connection. This sensor interfaces with
aserial port on the EEPD.

3.4 Mission-specific sensors

This year’'s competition requires that the
submersible locates a decision point consist-
ing of three arrows. It must then select and
calculate the orientation of the ective arrow,
designated by lit LEDs. Using the calcul ated
orientation, the submarine must seek out the
corresponding target by following a signal

transmitted by that target’s pinger. When the
submarine arrives at the active target, it must
deposit a marker onto one of the target’s
trays to complete the mission. We have two
primary sensor systems that will be used to
complete this mission. The first is a vison

system, used to recognize the decision point
and targets. The second is a hydrophone sys-
tem, used to track and follow the transmis-
sions emitted by the target pingers.

3.4.1 Underwater vision system

To accomplish underwater computer vision
we have developed and constructed both
hardware and software capable of capturing
images and processing them completely on
board the submarine. We are using a Uni-
brain Fire-i400 progressive-scan camera,
capable of 640x480 resolution at 15fps. This
camera has an interchangeable lens and i+
terfaces to our embedded computer through
IEEE1394 (Firewire). The camera is
mounted in an exterior enclosure, as de-
scribed in section 2.6.

SubjuGator 2003, University of Florida

The latest Linux kernels have built in sup-
port for plug-and-play Firewire devices. Us-
ing the digital camera libraries available for
Linux we have written custom software for
both frame grabbing and acquiring video.

Using our camera and computer vision algo-
rithms [6], SubjuGator is able to accomplish
the detection, localization, and classification
of the underwater targets and the decision
point used for this competition. The com-
puter vision code assumes a background in-
tensity of Gaussian distribution, an assump-
tion that was confirmed to be a valid after
analyzing pictures of the arena from last
year’ s competition. At the beginning of each
run the submarine takes a sample mean and
variance, which is used as the lesis for its
image processing calculations. Any pixels
outside of the upper bound of the 95% con-
fidence interval are assumed to belong to an
LED. At the decision point this information
is used to determine the vector between the
LED array and the LED at the tip of the ac-
tive arrow. The calculated vector is then
compared to known headings of targets and
the target with the closest heading is se-
lected.

To verify that the “lights’ detected by the
submarine are indeed decision point LEDs,
SubjuGator looks for rectangular objects in
the area. This is accomplished by first pass-
ing the image through a Gaussian filter.
Next, the Sobel operator is convolved with
the image to detect edges. The horizontal
segment lengths between detected edges are
then measured. A ratio of the segment
lengths and the mean segment length for that
object are calculated and used as the feature
vector for histogram based modeling. Fi-
nally, the log likelihood of the object keing
a rectangle is computed. If the rectangle is
present between the LEDs, the submarine
has confirmed its detection of the decision
point LEDs and begins to seek the target.
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Similar techniques are used to detect the tar-
get LED and target boxes.

3.4.2 Hydrophone System

The hydrophone system consists of four ba-
sic stages that aid in obtaining and process-
ing the signals transmitted by a target’s
pingers. These stages are:

1. Hydrophones

2. Amplifier

3. Embedded Signal Occurrence
Identifier (ESOI)

4. ATMEGAS8 microcontroller

The hydrophones provide a means with
which to detect acoustic vibrations in the
water, such as the signals transmitted by the
pingers corresponding to each target. Figure
5 describes the processing of the hydro-
phone data. SubjuGator utilizes three hydro-
phones mounted in a triangle configuration
to create the geometry needed to identify the
direction from which the received signals

Instrumentation
Amplifier

Y7
v
\
1L

Schmitt Trigger
\‘. ""II
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Figure5: Hydrophone Signal Processing
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originated. When the hydrophones detect a
transmission from a pinger, they are only
capable of producing a signa ranging from
50 mVp-p to 200 mVp-p, depending on the
strength of the pinger’s signal.

Because of their weak signal strength, the
three hydrophone ouputs are fed directly
into an amplifier circuit, consisting of Burr-
Brown INA331 Instrumentation Amplifiers,
where the signa is amplified by a gain of
approximately 100. The amplifier output is
then passed into a Motorola MC14583B
Schmitt trigger to create the sguare wave
necessary to trigger logic levelsin the ESOI.
The esulting three square waves are then
passed on to the ESOI for further process-

ing.

The ESOI system, consisting of a
MAX7128S CPLD, takes the three digitized
signals and judges whether or not they are
the signals of interest. If they are, the system
sends time of occurrence information to the
ATMEGAS8 microcontroller, otherwise it
walits for the correct frequency to occur.

Relay Circuit

Control4

Atmega8
Confol[3.0] Controller RE232 [Tx Re]

ESOI %

Datd[7..0]

Linux Box

Figure 6: ATMEGAS8 Connections

The ESOI system is under direct control of
the ATMEGAS8 microcontroller. The AT-
MEGAS8 interface controller provides an
RS232 interrupt driven state machine, which
controls the ESOI logic as well as the eec-
tromagnetic relay circuitry, as shown in Fig-
ure 6. The microcontroller is in constant
communication with SubjuGator's main
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computer system. The computer system
tells the microcontroller which signals it
needs to find as well as when to activate the
dropping mechanism using the four follow-
ing commands:

Request Frequency 1 Data
Request Frequency 2 Data
Request Frequency 3 Data
Drop Marker

El N

The microcontroller receives these com-
mands through the RS232 seria interface
and sets the control lines of the ESOI system
to the corresponding value. When the ESOI
system finds the corresponding frequency,
the microcontroller sends the information
back to the main computer board for proc-
essing. This information will be used to tri-
angulate pinger position.

In processing the information from the AT-
MEGAS8 microcontroller, the computer sys-
tem assumes a linear wave front over short
distances. Using this assumption, as shown
in Figure 7, we can conclude that the signal
ripples striking two hydrophones, at t1 and
t2, are parallel to each other. Applying sim
ple geometry principles we can create a right

y
e At

Figure 7. Hydrophone Signal Geometry
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triangle whose hypotenuse is 5.08cm, due to
our hydrophone mounting configuration.
The length of the triangle leg adjacent to
theta is proportional to Dt = t1 - t2. Knowing
that signals travel underwater with a velocity
of 1450m/s we can calculate the length of
the adjacent leg:
, oDt

adj
] fcl k

where ik is the clock frequency of the free
running counter in the input capture system,
which is4 MHz in our system.

The ultimate goal of our system is to orient
the submarine to the heading of the ative
target’s pinger. This is accomplished using
control strategies, discussed in section 4, to
rotate until the angle theta is equal to 90 de-
grees using the following equations:

Lad'
cog(Q) =

L.
) = arccos(—3 ),
5.08cm Q S(5.080m)

3.5 Electromagnet & Relay Circuit

A large electromagnet is mounted within the
submarine, flush against the ventral hull
wall. The purpose of the electromagnet is to
atract a rectangular piece of stedl, actuating
the marker dropping mechanism and reless-
ing the markers onto the target. The drop-
ping mechanism and markers are discussed
in section 2.7.

Selecting an electromagnet to actuate the
dropping mechanism enabled us to activate
the externally mounted marker dropping
mechanism through SubjuGator’s aluminum
hull without drilling a hole in the submarine.
The advantage of this system is that we nei-
ther had to structurally compromise the hull
nor deal with waterproofing holes or tubes
connecting he system to the outside. The
disadvantage is the large amount of electro-
magnetic interference caused by the activa-
tion of such a large magnet. To minimize
such effects, a case of magnetic shielding

Page 8 of 10



has been constructed around the electro-
magnet.

The electromagnet is triggered by a simple
relay circuit. When the circuit receives a 5
Volt signa from the ATMEGAS interface
controller, the signal activates a transistor,
which switches the relay and allows current
to flow through the electromagnet. The elec-
tromagnet in turn actuates the dropping
mechanism, as shown in Figure 3, to drop
the markers onto the target.

4. Vehicle control and strategy
4.1 PID controller

As the submarine moves through the water,
errors between the desired and current val-
ues of heading, pitch, and depth are con
trolled through a standard PID controller.
The determination of the motor actuation
values is based on the submarine’'s position
and orientation divergence. The continuous
equation is converted to its discrete-time
equivalent and the errors are calculated from
the difference between the current and &
sred heading, pitch, and depth [3,5],

det)
ot

In the above equatlon, m(t) represents the
motor value and e(t) represents the error at
time step t. The individual gains (Ki) are
tuned through repetitive testing at various
depths and operating conditions. For each of
our possible speed and depth range
configurations, we maintain a separate set of
control parameters. These parameters are
determined through experimentation and
smulation. We aso use a PID controller to
maintain the vehicle s pitch.

m(t) = K e(t) + K, Oe(t)dt +K,
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4.2 Arbiter

Each of the sensor analysis processes makes
heading, speed, and/or depth requests to im
prove the position of the submarine in rela-
tion to the targets. Due to the various
strengths and weaknesses of particular sen-
sors, and the occasional sensor anomaly,
these requests may sometimes conflict.
Therefore, we have implemented an abiter,
arule-based agorithm specifically tuned for
the competition environment, which is
tasked with deciding on the next action for
the submarine, given the various, possibly
€rroneous, sensor inputs.

Our solution to locating the correct target
and delivering our markers to the target will
logically proceed as follows: The submarine
will dive to a pre-determined depth and
travel through the validation gate. It will
continue on its course until the camera sys-
tem and vision code recognize the decision
point. Here, the computer vision system will
locate the active arrow, calculate the ap-
proximate vector based on the active LEDS,
and match the vector to the corresponding
target. The hydrophone system will then
tune itself to the frequency of the active tar-
get and the submarine will travel towards
the signal until the target is located by the
vision system. At this point, the computer
vision system will be used to align the sib-
marine with the target and the electromagnet
will be activated, actuating the dropping
mechanism and dropping two markers on
the target. More details of our solution will
be divulged during SubjuGator’'s competi-
tion run.
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