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believe is the first on-road demonstration of autonomous
passenger vehicles performing cooperative passing and
traversal of unsignalized intersections. (Unsignalized
intersections have no traffic lights, stop signs, or yield
signs to control traffic flow.) This demonstration mated
ICSL’s communication and collaborative decision-making
subsystems with IMARA’s experimental vehicle platforms,
creating autonomous vehicles capable of real-time coop-
eration in real-world applications (see Figure 1).

Design philosophy
To experiment with cooperation among autonomous

vehicles without needing large-scale facilities, our early
development work centered on creating small mobile plat-
forms. The result was a family of Cooperative Autonomous
Mobile Robots (CAMRs).1 These small robots (approxi-
mately 30 cm in diameter—see Figure 2) have a differential
drive system with optical encoders allowing precise control

of velocity and heading. Their maximum speed is 0.1 meter
per second.

The robots have three primary subsystems:

• Communication and sensing
• Collaborative decision making
• Motion execution

These subsystems are distributed, with individual functions
having dedicated modules comprising a circuit board with a
dedicated microcontroller. Modules communicate via an I2C
(Inter-Integrated Circuit) bus. Figure 3 illustrates the distrib-
uted architecture. This architecture makes implementing
new functionality straightforward, eases maintenance, and
avoids real-time-related difficulties that normally occur
when a single microcontroller or microprocessor handles all
control and decision-making functions.

Figure 4 summarizes the ICSL paradigm for cooperative
autonomous driving. Here, autonomous refers to the ability
to interact with the environment, cope with incomplete
information, and adapt to unpredictable changes. Coopera-
tive refers to the ability to work together to achieve global
goals (for example, to avoid collisions) and to achieve indi-
vidual goals (for example, traverse an intersection, stay on
the road, and turn).

In Figure 4, the primary subsystems have interfaces
(light blue) that correspond to the I2C bus in the physical
implementation; these subsystems’ interaction leads to
event-driven real-time cooperation. The system is event-
driven because it uses messages, and it’s real-time because
it makes decisions immediately using the available mes-
sages. Cooperation results because a vehicle will consider
other vehicles’ needs before making any decisions.

Vehicle operation in an environment at any level requires
some knowledge about that environment. Such knowledge
could come from an a priori-created environmental map.
However, our cooperative-autonomous-driving paradigm
considers such a map as inappropriate for real-time 
on-road applications, where the environment is highly
dynamic. Indeed, such a map is not required for the local-
ized tasks of cooperative autonomous driving. We use an
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event-based control and decision-making
system where messages from the environ-
ment, other vehicles, or the vehicle itself
trigger particular maneuvers and hence
cooperation.

In general terms, messages can take one
of three forms. Implicit messages refer to a
common understanding of the correct maneu-
ver under particular circumstances. For
example, each vehicle should abide by the
same road rules (CAMRs use Australian
rules where necessary). Passive messages
are inferred from an object’s existence. For
example, the white line on a road sends a
message indicating the road boundary’s
location. Finally, active messages are explic-
itly sent by the originator and require an
explicit communication channel. These
messages provide information that the sys-

tem could not otherwise infer via implicit
or passive messages, such as a vehicle’s (or
driver’s) intentions, and can subsume other
message types.

Sensors and passive
messaging

CAMRs use three forms of passive mes-
saging. First, they can determine an object’s
presence and range through an array of 16
infrared transceiver pairs and two ultrasonic
sensors. Second, they can detect lines on the
road through an infrared white-line detector.

Finally, they can determine their relative
angle with respect to another vehicle through
the optical-sensor array. These sensors fall
into the communication-and-sensing sub-
system. Because our experiments with the
IMARA vehicles aimed primarily to demon-
strate on-road cooperation, we retained the
sensor technology developed for CAMRs
rather than use more “robust” sensors such
as ladar sensors.2 To allow intelligent avoid-
ance of dynamic obstacles, we are also devel-
oping a sensor that can segment the environ-
ment into coherently moving regions.3
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Figure 1. IMARA vehicles controlled by
Intelligent Control Systems Laboratory
hardware.

Figure 2. Cooperative Autonomous
Mobile Robots.
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Figure 3. The CAMRs’ system architecture.
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Active messaging
CAMRs have two channels for external

active messaging. The first is a general-pur-
pose wireless link via a 433-MHz radio
packet modem. This modem allows commu-
nication at 40 kbits per second over a range
of up to 200 m. The second communication
channel employs a combination of roadside
beacons that transmit road information
through a laser to a receiver on the vehicle.
The radio modems remained unchanged for
use on the IMARA vehicles; however, we
increased the roadside beacons’power and
the receiver’s size.

Driving maneuvers
A vehicle operating on a road must be

capable of “survival maneuvers” such as
road lane following and obstacle avoid-
ance. Other important maneuvers for navi-
gating through a road network include fol-
lowing another vehicle at a safe distance,
passing another vehicle, and traversing an
unsignalized intersection.

To implement road lane following and
obstacle avoidance, CAMRs use the ultra-
sonic and infrared sensors. Rather than
employing a visual cue to find the lane’s
center, we assume a “corridor” situation
where walls mark the road boundaries. A
CAMR then uses the ultrasonic sensors to
find and maintain its position in the corri-
dor’s center, using the infrared sensors to
detect and avoid obstacles.

To follow another CAMR at a safe dis-
tance,4 a CAMR uses the ultrasonic sensor
to determine the distance to the lead CAMR
and uses the optical-sensor array to deter-
mine its own relative heading. A fuzzy con-
troller in the following CAMR first matches
the vehicles’ speed and then aligns the fol-
lowing CAMR so that it follows directly in
the lead CAMR’s path.

Cooperative passing starts when a CAMR
detects an obstacle ahead at some predefined
distance.5 When the CAMR detects such an
object, it uses its optical-sensor array to deter-
mine whether the object is another CAMR. If

the object is a CAMR, the first CAMR passes
it according to Australian road rules (that is,
pass on the right) under the assumption that
the adjacent lane is a passing lane.

To traverse unsignalized intersections,
CAMRs use messages from roadside bea-
cons indicating the upcoming intersection’s
configuration, road markings indicating
when the CAMR is about to enter the inter-
section (the stop line) and when it has exited
the intersection (the clear line), and radio
communication with other CAMRs to de-
termine whether the intersection is clear.
Cooperative intersection crossing operates
on a first-come, first-served basis, with the
intersection considered occupied when a
CAMR crosses the stop line (in this situa-
tion, no other CAMRs can enter the inter-
section) and clear when a CAMR crosses
the clear line. Experiments show that this
approach works well, especially for low-
traffic intersections.

From a hardware perspective, the decision-
and-control modules (see Figure 3) make
control decisions based on messages from
the communication-and-sensing subsystem.
The system then translates these control
decisions into physical maneuvers via the
motion execution subsystem. This separation
of control logic and actuation makes the
transition from the CAMR platform to the
IMARA platform straightforward because we
need to replace only the motion execution
subsystem. Figure 5 illustrates how we
achieve this. Because the IMARA platform
uses a CAN (control area network) bus
rather than I2C, we have developed an I2C-
to-CAN bridge. We then program the IMARA

vehicle’s root processor to correctly interpret
messages from the master module so that the
vehicle can perform appropriate maneuvers.

I2C

ICSL
I2C to CAN
bus bridge

IMARA
vehicle root
processor

CAN CAN

Decision &
control

modules

Wheel
control

Figure 5. Mating ICSL hardware to the IMARA platform.

Figure 6. On road demonstrations of (a) cooperative passing and (b) unsignalized-intersection traversal.
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On-road demonstration of 
real-time cooperation

Once we completed the interface from
the ICSL hardware to the IMARA vehicle,
we were able to perform successful experi-
ments demonstrating all the available ma-
neuvers. However, here we illustrate only
cooperative passing and unsignalized-
intersection traversal.

Figure 6a shows two IMARA vehicles
performing cooperative passing. Here, the
faster vehicle identifies the lead vehicle,
pulls out of its lane, passes the slower vehi-
cle, and returns to its original lane in front
of the slower vehicle.

Figure 6b illustrates the success of our
unsignalized-intersection traversal. In this
demonstration, three vehicles approach an
intersection. Following our algorithm and
using the various messages described ear-
lier, the three vehicles drive through the
intersection without collision.

Our successful demonstration of real-
time on-road cooperation among auto-
nomous passenger vehicles shows how intel-
ligent-vehicle technologies are coming of
age. However, we still must resolve several
aspects, including the appropriate choice of
sensors for more robust messaging. Further-
more, because we tested each maneuver in
isolation, we are now investigating the link-
ing of maneuvers to ensure continual auton-
omy. We are also planning experiments with
higher vehicle speeds (up to 30 kmh—the
IMARA vehicles’maximum speed) and exper-
iments incorporating our dynamic-obstacle-
detection sensor system.
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