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In this paper we discuss the design and evolution of Trinity College’s ALVIN robot, an
autonomous ground vehicle that has participated in the Association for Unmanned Ve-
hicle Systems International Intelligent Ground Vehicle Competition (IGVC) since 2000.
The paper first discusses the Trinity Robot Study Team, which has been responsible for
developing ALVIN. We then illustrate the four generations of ALVIN, focusing on im-
provements made as the result of performance shortcomings and outright failures. The
discussion considers the robot’s body design, drive system, sensors, navigation algo-
rithms, and vision systems. We focus especially on the vision and navigation systems
developed for Trinity’s fourth-generation IGVC robot, ALVIN IV. The paper concludes
with a plan for future work on ALVIN and with a discussion of educational outcomes
resulting from the ALVIN project. © 2004 Wiley Periodicals, Inc.
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1. INTRODUCTION
In 2000, four engineering students at Trinity College
designed and built ALVIN I to compete in the AUVSI
Intelligent Ground Vehicle Competition (IGVC).1,2
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Qualification for the contest required the completion
of an autonomous robot capable of navigating a
course marked by painted lines while avoiding ob-
stacles. Despite the group’s best effort the robot could
not run at the contest, but its potential and the chal-
lenges of the contest inspired the Trinity College Ro-
bot Study Team (RST) to take over the project in 2001.
Periodicals, Inc.
m). • DOI: 10.1002/rob.20026
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Figure 1. Design changes of ALVIN I through ALVIN IV.
Since then ALVIN has competed in the IGVC and
has gone through many improvements. It has
success fully qualified and consistently finished
among the top 10 robots at IGVC.

The RST is a group of electrical, mechanical, com-
puter engineering and computer science students, in-
cluding first- through fourth-year students, who
work under the supervision of Professor David J.
Ahlgren. The focus of the RST is engineering research
and design, experimentation, hands-on develop-
ment, and presentation of results.3 RST teams have
competed in the Trinity College Fire-Fighting Robot
Contest (TCFFRC) since 1994.3,4 Fire-fighting robot
design has also become the theme of a popular first-
year engineering design course.4 Work with fire-
fighting robot has prepared students for the ALVIN
project, which emphasizes such advanced topics as
computer vision, obstacle sensing and avoidance,
and path planning. This work is carried out in a well-
equipped Robot Development Laboratory open to
the RST without time restriction.

Work on the RST gives students the opportunities
to work on a wide variety of projects, learn about the
many aspects of engineering design, develop skills
across engineering disciplines, and apply those tech-
niques toward a single objective. Robot design gives
students opportunities to work on real life problems
that extend beyond anything that could be taught in
the classroom. Current research includes the develop-
ment of a new intelligent ground vehicle robot, an au-
tonomous firefighting robot for under $100, walking
robots, and advanced mapping and path planning
algorithms.

This paper follows the progression of ALVIN
through its five-year life cycle, describing technical
details and discussing the performance of mechanical
structures, drive systems, imaging systems, sensors,
and software. The paper concludes with discussion of
learning outcomes from the ALVIN project.
2. DEVELOPMENT OF ALVIN

The development of ALVIN has been a valuable
learning experience for all those involved and the ro-
bot has gone through significant improvements each
year. Figure 1 shows pictures of the robot over its first
four generations.

Table I summarizes the progression of the robot
from ALVIN I to the present. The significant changes
are highlighted and discussed in more depth in later
sections.

3. ALVIN I

ALVIN I, whose cost was less than $8000 and whose
weight with a 20 lb payload was about 120 lbs, fea-
tured a multi-tier design. Its frame was built using
6061-T6 aluminum extruded square tubing, and the
robot’s two platforms were constructed from perfo-
rated aluminum sheets. The first tier accommodated
the power system, the drive system, and the payload.
The second tier accommodated a Pentium III PC and
VESTA embedded system and served as a platform
for a tripod that held a Pulnix CCD camera. ALVIN
I had a four-wheel skid-steering drive system incor-
porating a bilateral motor drive. A pair of Intelligent
Motor Systems (IMS) M2-3450-S stepper motors with
IM1007 micro-stepping drivers powered four 16 in.
recumbent bicycle wheels with a total gear ratio of
17:1. This ratio was achieved by combining a 5:1 gear-
box and a 44:13 timing belt ratio.

A Motorola 68332-based embedded system from
Vesta Technology (SBC2000-332) served as the master
computer on ALVIN I. The master interfaced via a se-
rial port with a Pentium III desktop computer
responsible for vision and navigation. It also commu-
nicated with the motor controller system via digital
I/O ports, with the emergency-stop system via a
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Table I. Highlights of the ALVIN robot.

ALVIN I ALVIN II ALVIN III ALVIN IV ALVIN V

Mechanical • Aluminum
frame

• Aluminum
frame

• Aluminum
frame

• Aluminum
frame

• Aluminum frame

• Perforated
aluminum base

• Composite
aluminum/wood
base

• Composite
aluminum/wood
base

• Composite
aluminum/wood
base

• Composite
aluminum/wood
base

• 120 lb w/payload • 120 lb w/payload • 99 lb w/payload • 99 lb w/payload • 85 lb w/payload
predicted

Software • MVTools • MVTools • MVTools • LabVIEW 6.1 • LabVIEW 6.1
• Visual Basic • Visual Basic • Visual Basic • NI Vision

Builder
• NI Vision
Builder

• Visual C�� • Visual C�� • Microsoft SDK
• VESTA BASIC • VESTA BASIC • VESTA BASIC • VESTA BASIC

Computer
hardware

• Pentium III 550
MHz

• Pentium III 550
MHz

• Laptop
Pentium III 750
MHz

• Laptop
Pentium IV 2.4
GHz

• NI compact
vision system and
compact field
point system

• 2 VESTA
SBC2000-332

• VESTA
SBC2000-332

• VESTA
SBC2000-332

• VESTA
SBC2000-332

Algorithms • Reactive • Reactive • Reactive • Reactive • Path planning
• Kinematics
simulator

• Camera
calibrator

• Simulator

Imaging/
sensing

• Single B/W
6200 Pulnix

• Single B/W
6200 Pulnix

• Logitech QC
Pro 3000 USB
color camera

• 2 IEEE 1394
Pyro webcams

• 3 IEEE 1394
Pyro webcams

• Coreco Imaging
PC Vision Frame
Grabber

• Coreco Imaging
PC Vision Frame
Grabber

• Ashtech
BR2G-S GPS
receiver

• Ashtech BR2G-s
GPS receiver

• Ashtech BR2G-s
GPS receiver

• Devantech
CMPS03
compass

• Honeywell
HMR-3300
compass

• Polaroid 600
ultrasonic sensor
array

• Polaroid 600
ultrasonic sensor
array

Drive system • 4 wheel skid
steering

• 2 wheel
differential drive
with caster

• 2 wheel
differential drive
with caster

• 2 wheel
differential drive
with caster

• 2 wheel
differential drive
with caster

• IMS
M2-3450-S
stepper motors

• IMS
M2-3450-S
stepper motors

• IMS
M-3424-S stepper
motors

• IMS
M-3424-S stepper
motors

• IMS
M-3424-S stepper
motors

• 17:1 gear ratio • 15:1 gear ratio • 19:1 gear ratio • 33:1 gear ratio • 17:1 gear ratio

Results • Did not run • 8th in
Autonomous

• 7th in
Autonomous

• 11th in
Autonomous

• 8th in Navigation • 6th in Navigation
wireless link, and with a second Vesta SBC2000-332
that acquired data from four Polaroid ultrasonic
sensors (Figure 2).

ALVIN I’s Polaroid ultrasonic sensor array was
capable of detecting objects up to 35 ft away. The vi-
sion system consisted of the Pentium III 550 MHz
desktop computer, the Coreco PCVision video
capture board, and the B/W Pulnix TM-6702 camera.
Vision-based navigation algorithms were written in
Visual Basic and Visual C�� using the Coreco Sher-
lock vision libraries. The algorithms fell into two
classes: lane-following and obstacle avoidance. Navi-
gation commands were passed to the master com-
puter, which controlled the motors accordingly.

ALVIN I failed because of a short circuit in
the motor control system. The four-wheel drive
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skid-steering system limited ALVIN’s maneuverabil-
ity and proved to be very unwieldy on a grassy field.

4. ALVIN II

The next year, ALVIN II saw the addition of a ply-
wood layer to the aluminum base of the robot to
provide a vibration resistant solid platform. The fric-
tion problem of the skid-steering drive system on
ALVIN I was solved by adopting a differential drive
consisting of two 15 in. bicycle wheels driven through
a new belt gear reduction system coupled with the
previously used motors and gearboxes (Figure 3).

The most important improvement on ALVIN II
came in the form of a vision-based kinematics simu-
lator (Figure 4). A 3-D obstacle course producing a
real-time perspective display of the course as seen by
the robot was developed using OpenGL. The camera
mounted on ALVIN was positioned in front of a
monitor with the perspective scene displayed. The
control signals generated by ALVIN’s main computer
were sent to the simulator via a serial port, causing
the simulator to produce the expected response of the
robot. In turn, this response caused a change on the
perspective scene. The system refreshed at a rate of 20
Hz. The simulator used a dynamic model of ALVIN
that allowed accurate representation of the motor
control system and enabled effective development of
navigation algorithms.

On a rain-soaked course, and in constantly
changing lighting conditions, ALVIN II struggled,
bringing home the 8th prize in the autonomous chal-
lenge. It was evident that a major design goal for
ALVIN III would be to increase the power-to-weight
ratio. The camera system needed more robustness in

Figure 2. Block diagram of the ALVIN I system.
 the form of auto-calibration to improve accuracy and
auto-gain-control to adapt better to varying lighting
conditions.

5. ALVIN III

The 2002 IGVC was held in Orlando, FL. This posed
a challenge to ALVIN because in 2000 the thick grass
in Florida was a major obstacle to the maneuverabil-
ity of many robots, including Trinity’s ALVIN I. The
major goal for the redesign of ALVIN was to reduce
weight and increase torque in order to maneuver in
the thick Florida grass while improving the image
processing and navigation algorithms.

The heavy PIII desktop computer and its associ-
ated power converter were replaced by a lightweight
PIII 750MHz laptop, which significantly reduced ro-
bot weight and was self-powered. The old 34-frame
stepper motors and the 5:1 gearboxes were replaced
with two lighter motors, IMS IM3424, and Bayside
Motion Systems 10:1 gearboxes. Combined with the
belt system the overall gear ratio was 18.9:1. These
changes reduced the weight of the robot by approxi-
mately 20 lbs and increased the torque by 130%.

Adoption of the laptop made it possible to incor-
porate an inexpensive USB color camera, Logitech
QC Pro 3000, that provided automatic gain control

Figure 3. ALVIN II drive system: (a) wheel and gear as-
sembly and (b) motor controllers.

Figure 4. (a) ALVIN II vision based kinematics simulator
and (b) image processing for virtual environment.
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and a wider angle of view. The team also developed
frame-grabbing software, based on Microsoft Visual
C�� SDK ‘‘avicap’’ class, to acquire images from the
USB camera and to convert those images to a format
compatible with Coreco MVTOOLS vision package.

A new automatic camera calibrator was also de-
veloped for ALVIN III. In order for image processing
to be used for vehicle navigation, the camera’s pa-
rameters, including tilt angle and locations of the
image plane relative to the camera, needed to be
known accurately. The automatic calibrator used the
principles of vanishing points, i.e., intersection of two
parallel lines in an image. With two fixed parallel
lines, the location of the vanishing points depends on
both the viewer’s location (camera) and viewing di-
rection (tilt angle). Using 2D–3D transformation, a set
of equations associated with the camera parameters
was developed from coordinates of vanishing points
of a rectangle, as illustrated in Figure 5.

The overall control strategy of ALVIN III in the
Autonomous Challenge was to keep the robot in
alignment with edges of the course (two white lines)
while avoiding obstacles. The lower one-third of the
captured image, which contained parts of white lines
adjacent to the robot, was processed using image
thresholding and equalizing to produce a binary im-
age in which the ‘‘1’s’’ indicate white lines. The lines
were then projected to the horizon. Moving parallel
to both lines meant the centerline of the robot had to
meet both lines at the horizon, i.e., the intersection of
two lines had to be at the center of camera view. The
robot continuously made corrective measures to keep
it centered.

Another improvement to ALVIN III for the 2002
competition was the addition of an Ashtech BR2G-S
Differential GPS receiver, which gave reliable and
consistent readings with submeter accuracy and al-
lowed the robot to compete for the first time in the
Navigation Challenge.5 For control, the robot com-
puted its heading using the last three DGPS coordi-
nates obtained, and adjusted its path according to the
angle necessary to hit the waypoint.

With these upgrades ALVIN III placed 7th in the
2002 Autonomous Challenge. The major problems
encountered were slow response of the drive system
and difficulty with the vision system due to the vary-
ing lighting conditions encountered in Florida. In the
Navigation Challenge, software issues kept ALVIN
III from reaching any waypoints. The Ashtech DGPS
receiver provided accurate readings, but the algo-
rithm that calculated the vehicle’s bearing using con-
secutive readings failed. Other difficulties were en-
countered because the vision-based obstacle
avoidance measures in the Navigation Challenge
were the same as those used in the Autonomous
Challenge. This caused problems because the soft-
ware did not account for differences in shape, size,
and color of obstacles (trees, lampposts, and traffic
barricades) found on the GPS course. This first at-
tempt at the Navigation Challenge was not as suc-
cessful as hoped, but it gave the team a good idea of
what would be necessary for success in the future.

6. ALVIN IV

ALVIN IV retained the master-slave concept used in
the 2002 IGVC competition, using a Sager 2.4 GHz
Pentium IV processor laptop running Windows XP as
the master and a Vesta SBC 2000-332 as the slave. A
block diagram of ALVIN IV’s computing and elec-
tronic systems is shown in Figure 6.

ALVIN IV used cameras solely for lane detection
and added an array of four ultrasonic sensors for ob-
stacle detection. ALVIN III’s single USB web cam was
replaced by two faster IEEE 1394 Pyro webcams. Each
ultrasonic sensor was a Polaroid 600 transducer
driven by a 6500 series ranging module. The sensors
were arranged so that their detection ranges barely
overlap, maximizing coverage. Since each one has a
detection angle of 20° , the combination of four sen-
sors allowed total coverage of an 80° angle in front of
the robot.

Figure 5. (Upper) Snapshot of the calibrator. (Lower)
Vanishing points of a rectangle in the field of view.
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The software on ALVIN IV was completely re-
written. We chose National Instrument’s Labview 6.1
as the programming platform because of its ease of
use (graphical interface) and powerful toolboxes
(communications, image processing, etc.).6 ALVIN’s
image-processing algorithm was developed with the
help of Labview Vision Builder, which allowed the
team to quickly test effects of changes to the vision

Figure 6. The overall electrical system block diagram.
algorithms. Each of the algorithms consisted of two
major parts. First, a captured 24-bit RGB image was
processed and converted to a binary image with ‘‘1’s’’
as possible locations of lines and potholes. This step
relied on features (hue value, luminance value, and
‘‘blue’’ color component) of lines and potholes that
are different from the background and other objects.
To overcome the issue of change in lighting condi-
tions and difference in grass color at different loca-
tions on the course, ALVIN IV relied on an integration
of all features, instead of only the ‘‘luminance’’ com-
ponent used on ALVIN III. The binary image was
then analyzed using particle analysis to determine
the locations and directions of lines and locations of
potholes. The relatively large sizes of line and pothole
particles in the image differentiated them from the
background noise, and a small width/length ratio
differentiated lines from potholes. An example of
image processing using the ‘‘blue’’ plane to detect
line is shown in Figure 7.

The autonomous navigation strategy utilized a
reactive model where decisions were made based on
the current status of the robot and its surroundings.
The space in front of the robot is divided into four
Figure 7. Example of image processing using ‘‘blue plane’’ of the image. (a) Original image, (b) blue plane after thresh-
olding, (c) result image after removing small particles, and (d) location and direction of line after applying line detection
algorithm (considering size and width/height ratio of particles).
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regions, each covered by an ultrasonic sensor. Based
on the locations of obstacle, lines, and potholes, each
region is assigned a ‘‘state’’ 0 (object present—very
close), 1 (object present) or 2 (no object). The states
encountered in the four regions are used to make
navigation decisions to steer the robot to more open
space (Figure 8).

For the Navigation Challenge, ALVIN III’s prob-
lems with calculating vehicle bearing based on DGPS
readings led to the addition of a Devantech CMPS03
electronic compass, to use in conjunction with the
Ashtech BR2G-S GPS receiver. Data from the GPS and
the compass were imported into LabVIEW via the se-
rial communication ports. A LabVIEW program pro-
cessed the data and sent steering commands to the
motor controllers.

The navigation algorithm utilized a combination
of multitasking and a state machine that synchro-
nized all decision-making processes and information
evaluation. The data acquisition and the motor steer-
ing ran simultaneously with the state machine pro-
cess so that decisions were always based on the new-
est data acquired from the sensors. Figure 9 shows the
corresponding state diagram.

Control of the robot relied on a combination of
path planning and reactive algorithms. The path-
planning algorithm used current vehicle position,
heading and target position to calculate the adjust-

Figure 8. Autonomous navigation state diagram.
ment necessary for the robot to head toward the tar-
get. This algorithm was used under most circum-
stances. When an obstacle was detected, path
planning was suspended and the robot switched to
the reactive approach, relying on the ultrasonic array
to maneuver around the obstacle in the shortest pos-
sible distance. After the robot had successfully navi-
gated around the obstacle, the path-planning algo-
rithm resumed control.

The LabVIEW visual programming environment
greatly simplified the development of the navigation
algorithms, which involved techniques that would be
much more difficult in other programming lan-
guages. This environment also gives the user the abil-
ity to visually inspect all parts of the code, even while
running, contributing to the ease of debugging com-
plex algorithms.

ALVIN IV managed to complete a distance of 23
ft in the Autonomous Challenge, securing 11th place.
On the day of the competition the Vesta motor control
computer failed due to overheating causing the team
to forfeit several runs. However, the Navigation Chal-
lenge saw ALVIN’s all-time best result, placing 6th by
reaching two waypoints. The most important limita-
tion in the Navigation Challenge was the sensor array
placement. Their location and angle caused the robot
to see uneven terrain as obstacles. Furthermore, to
gain better control of the robot’s movement, both its
speed and acceleration were limited. Because of this,
ALVIN IV was among the slowest of IGVC robots.

7. FUTURE WORK

7.1. ALVIN V

Problems faced over the years have given the team a
good idea of what is necessary to succeed in the
Figure 9. State diagram for the navigation challenge code.
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Figure 10. Integration of NI hardware into the ALVIN system.
upcoming competitions. The last few years have seen
significant hardware changes but much work still
needs to be done with software. The most significant
upgrade for the robot in anticipation of the 2004 com-
petition will be the following.

1. Complete overhaul of the computer systems:
The current master-slave computer hierarchy
will be replaced by parallel National Instru-
ments (NI) devices: NI Compact Vision System
(CVS-1454) for image acquisition and process-
ing and Compact Field Point system (cFP-2010
with an array of add-on devices) for data ac-
quisition, processing, and drive system con-
trol. The Ethernet connection on these two de-
vices will allow much higher communication
speed than the old RS-232 serial connection.
Figure 10 shows an overview of how the NI
hardware that will be incorporated into
ALVIN V.

2. New sensors: The Devantech CMPS-03 com-
pass, which does not operate well on inclines,
will be replaced by a Honeywell HMR-3300,
which provides incline compensation and
pitch and yaw data. Two extra ultrasonic sen-
sors will be added to increase the robot’s field-
of-view.
3. Mechanical system: The robot will have exter-
nal heat shielding and an airflow system to
avoid overheating of electronic components.
The sensor array will be raised and will have
an adjustable tilt to eliminate false readings
caused by inclines.

4. Drive system performance will be studied by
simulation and modeling. Uses of models will
allow the team to test drive system algorithm
and strategies.

5. Real-time processing: All NI devices will run
LabVIEW Real-time Operating System.

6. Algorithms: The team is seeking more reliable
algorithms for line extraction and obstacle
detection to achieve better accuracy under
varying lighting conditions. The team will also
use more advanced mapping and path plan-
ning algorithms.

7.2. New Robot

The team’s long-range plan is to design a new robot
for the 2005 contest. The plan will focus on four spe-
cific areas:

• Integrated design: The mechanical, electrical,
and software design process will be carried
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out concurrently to ensure system compatibil-
ity and best utilizing human resources (no
waiting time between specialty groups).

• Modularity and ease of upgrade: The me-
chanical design will allow flexible placement
of electrical and mechanical components. We
will focus on serviceability and modularity. 3D
solid modeling will be employed to guarantee
clearances and weigh different design options.

• Redundant systems: Each critical task will be
carried out by multiple components. Obstacle
detection will be completed by both the ultra-
sonic sensor array and the vision system.
There will be backup power supply for the ro-
bot. In addition, software will include error-
recovery routines.

• Efficiency: The efficiency will come from
choosing lightweight materials, such as a poly-
mer honeycomb material for the chassis, car-
bon fiber for the skeleton and fiberglass for the
exoskeleton. Since the heaviest components of
the robot are batteries and motors, we will fo-
cus on reducing the power to weight ratios of
these two.

8. CONCLUSION

In this paper we have presented the progression of
the Trinity College IGVC robot ALVIN. We have de-
scribed technical features of these robots and have in-
dicated performance limitations each year that have
led to improvements of the robot the following year.
The paper also showed lessons learned from the de-
velopment process and presented our future plan.

Work on the ALVIN project has intellectually
benefited students. Through the development and
improvement of ALVIN and the opportunity to com-
pete in the IGVC, RST students have gained knowl-
edge, skills, and experience in scientific and technical
areas, teamwork, and project management that ex-
tend well beyond learning in the conventional class-
room. Strengthened and inspired by their experiences
with the ALVIN project, several ALVIN team mem-
bers have entered graduate study in engineering
fields.
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