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Abstract— The challenge of the CiberMouse competition is
to design an agent that controls a virtual robot which is part
of a team of virtual robots. The team must locate a target
area within a labyrinth and position itself within it. This
paper describes the the overall design and specific components
of the Brain agent focusing on mapping, path planning and
cooperation between several brain agents, including changes
made after the CiberMouse challenge at the Real-Time System
Symposium in 2008. The results show that cooperation between
homogeneous agents can be valuable. Notable solutions used is
the A* search algorithm, probabilistic mapping and message
hoping. The results showed that cooperation between homogeneous agents can be valuable, enabling to achieve very good
results when solving several distinct CiberMouse mazes.

I. I NTRODUCTION
CiberMouse is a set of simulated robotics competitions,
held by the University of Aveiro, using a particular simulation system composed by a 2D virtual environment, a maze
with obstacles and targets signaled by beacons, and one or
more robots initially placed in a predetermined starting position. The competitors provide the software that controls the
robots in order to for them to accomplish a set of predefined
goals which usually include reaching target areas [1]. The
CiberMouse@RTSS08 [2] was a CiberMouse competition
held at the IEEE Real-Time Systems Symposium in 2008
[3]. The goal was for a team of 5 homogeneous robots to
find a target area inside an arena with obstacles in unknown
positions and position themselves within it as quickly and
with as few collisions as possible. The robots must be
controlled by independent programs which may be identical.
Brain is such a program. The robots can communicate, thus
it is possible for them to explore different regions of the
arena and communicate their findings to each other. Brain
implements this strategy: each robot attempts to find the
target area in a different location and once one of them
finds it, it communicates its location to the others which
must then get to it. In addition, Brain implements basic cooperative map building. Section 2 will provide a summary
of the CiberMouse@RTSS08 challenge. Section 3 looks
at the overall architecture of Brain. Section 4 will look
in depth at mapping. Section 5 looks at planning a path
between two points in the generated map and how the agents
follow that path given the various uncertainties associated
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with the process. Section 6 deals with communication and
cooperation in a team of homogeneous agents. Section 7
looks at the tools developed to help debug the software.
Section 8 presents and discusses results obtained. Finally,
section 9 suggests possible improvements to Brain.
II. P ROBLEM F ORMULATION
The CiberMouse@RTSS08 can be divided into 4 major
components: the simulation system, the virtual robot, the
arena and the communications between the robots. A good
solution to the problem means overcoming a set of challenges
in autonomous robot control [7] such as world mapping, path
planning, error control and exploration.
A. The Simulation System
The simulator is responsible for implementing the virtual
bodies of the robots, estimating their sensor measurements,
communicating with the appropriate software agent controlling the robot, enforcing the restrictions on the movement and
communications of the robots and keeping the score. Because
everything is simulated, no real units are used. Length is
measured in um and time intervals are measured as multiples
of the cycle time, denoted ut. The simulation system is
discrete and time-driven. In each time step the simulator
sends sensor measurements to agents, receives actuating
orders, applies them and updates scores. Each cycle lasts
25 milliseconds. Thus an agent has at most 25 milliseconds
to read the sensor information, deliberate and send actuator
commands to the simulator. Thus the software must make a
compromise between the quality of the deliberation and how
quickly that deliberation is made.

Fig. 1.

The simulation system. Adapted from [1]
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Aside from the simulator itself, there is a visualizer that
graphically shows robots in competition arena, including
their states and scores and allows to control the simulation
through start and stop buttons. Both the software agents that
control the robots and the visualizer connect to the simulator
via the network and communicate using XML messages.
B. The Virtual Robot Body
The main aspects of the robot bodies are their circular
shape, 1 um wide and their sensors and actuators. Each
robot has 4 obstacle sensors, 1 beacon sensor which gives
the direction and of the beacon within a limited distance, 1
compass, 1 collision sensor (bumper), 1 ground sensor and
a GPS. Some sensors are always available, namely the GPS
and bumper while the others are only available on request,
with a limit of 2 per cycle. All sensor measures are noisy
and some are affected by latency, namely the beacon and
compass sensors. Brain does not use the compass. The robot
bodies also have 2 motors, affected by inertia and noise.
Figure 2 shows a schematic of the virtual robot.

according to the following equations:
lint = (lNoisyOutPowt + rNoisyOutPowt ) / 2
rott = (rNoisyOutPowt - lNoisyOutPowt ) / diam
where lint , given in um, is the linear component of the
movement, at instant t; rott , given in radians, is the rotational
component of the movement, at instant t and diam is the
robot diameter.
C. The Arena
The arena is 14 um high and 28 um wide. The obstacles
placed inside are at least 0,4 um wide and some are higher
than the beacon, making it impossible for the beacon sensor
to detect the beacon even if it is within range. Any passage
between obstacles is at least 1.5 um wide. The target is at
least 2.0 um wide.

Fig. 3.

The CiberMouse@RTSS06 Final Arena

D. Communications

Fig. 2.

Virtual Robot Schematic. Adapted from [1]

The relation between the power sent by the agents and
the actual power applied to the wheels is given by the
following equations:
lOutPowt = (lOutPowt−1 + lInPowt ) / 2
rOutPowt = (rOutPowt−1 + rInPowt ) / 2
lNoisyOutPowt = lOutPowt * lNoiset
rNoisyOutPowt = rOutPowt * rNoiset

The software agents do not communicate directly: they
send the message to the simulator which than broadcasts it
to the other agents. Each robot can broadcast one message
per cycle and receive all the messages that were broadcasted
by its teammates which means the robot can receive up to 4
simultaneous messages. A message can be at most 100 bytes
long. The range of communication is limited to 8 distance
units from the transmitter. There is a latency of 1 cycle for
every communicated message.
E. Scoring

where lInPowt and rInPowt are the power orders received
by the simulator at instant t; lOutPowt−1 and rOutPowt−1 are
the power values produced by motors at instant t-1, that is, in
the previous simulation step; OutPowt and rOutPowt are the
power values produced by motors at instant t, that is, in the
current simulation step; lNoiset and rNoiset are randomly
calculated motor noise; lNoisyOutPowt and rNoisyOutPowt
are the power values to be applied to wheels at instant t .
Movement is implemented with both linear and rotational
components based on the power applied on the wheels
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Scoring is a fundamental part of the problem formulation.
While the actual objective is for the team of robots to reach
a target area, the fact that points are deducted from collisions
means that it can be better, in terms of score, for a team of
agents to just stand still than to reach the target area with a
very large number of collisions. The final score is calculated
by the simulator taking into account the accomplishment of
goals and any penalties incurred. The lower the score the
better, the worst score for an individual robot is 200 points,
thus 1000 is the worst possible team score. Each robot starts
with 100 points. Points are added for each collision thus it
is desirable to avoid collisions while reaching the target area
results in the subtraction of points - 100 if reached within a
predetermined key time, less if otherwise. Thus it’s important
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to reach the target quickly. The time to reach the target area
can be used as a second criterion to play off.
III. A RCHITECTURE
Brain is a deliberative agent based on an adapted subsumption architecture [4]. It maintains an internal state which
includes information about it’s own state and the perceived
state of the world. Brain uses the internal state to choose
a behavior to execute. Behaviors control the power of the
robot’s motors. A diagram of this architecture is displayed
in figure 4.

Fig. 5. A diagram of the GoToPoint composite behavior. It consists of a
sequence of Rotate and MoveForward behaviors.

as possible. The purpose is to ensure that the deliberation
always takes less than the cycle time and that the software
is crash free. A crashed software agent can not guide the
virtual robot to the beacon or explore the map, worse, it will
probably collide. It may even block a path that the other
agents need to follow in order to reach the target.
IV. M APPING

Fig. 4.

Brain Architecture Diagram

The agent can be described in pseudocode in the following
way:
state = updateState(state, sensorData)
Behavior = chooseBehavior(state)
motors = Behavior.execute(state)
There are various behaviors, some are simple and basic
such as Rotate which rotates the robot in place and MoveForward which moves the robot forward in a straight line; some
are more complex such as RandomWalk which moves the
robot to a random point nearby and WallFollow which makes
the robot move along the direction of a nearby wall and
some are composite such as FollowBeacon which follows the
beacon using simpler behaviors, GoToPoint which uses multiple MoveForward and Rotate behaviors (a diagram is shown
in figure 5) and FollowPath which uses multiple GoToPoint
behaviors. Another important behavior is ExploreBehavior
which uses the probabilities in the internal map to determine
where to move robot next in order to explore previously
unexplored areas of the map.
Behaviors have priorities. A high priority behavior will
be executed even if a lower priority Behavior is already
executing. The highest priority behavior is AvoidObstacles
which attempts to avoid obstacles in the agents path.
The main design choices in Brain, made after the CiberMouse@RTSS08, are to keep it simple and fast, using the
least complex approach and making as few computations
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Mapping is essentially done using the GPS and obstacle
sensors. Brain uses an Extended Kalman Filter (EKF) [5] in
the same way other agents such as Jitters [10] to reduce the
noise from the GPS. An EKF is a recursive algorithm that
estimates the state of a noisy non-linear dynamic system.
A. Probabilistic Mapping
Brain uses probabilistic mapping [5] - an area is not
marked as either open or obstacle but rather is assigned a
probability of being an obstacle. The map is divided into
square cells 0.1 um wide (280x140 rectangles). Each cell
has associated with it its position, the probability of being
an obstacle and the number of times it has been observed
either by the obstacle sensors or because the GPS indicated
that the robot moved over it. To reduce the error, the agent
ignores sensor values smaller than a certain value. The
obstacle sensor model used is similar to that of YAM [8]:
if a sensor reports an object with a value V bigger than
the threshold value, the map is updated with that data: all
the cells between the sensor and 1/(V+0.1), where 0.1 is
the standard deviation of the error, have their probability
of being obstacles decreased (area A); all the cells between
that 1/V also have their probability decreased but by a
smaller amount (area B); finally all the cells between 1/V
and (1/V)+0.4, where 0.4 is the minimum wall width, have
their probability increased (area C). The different areas of
probabilistic mapping with the obstacle sensors are shown in
figure 6. All cells that are located within the area occupied
by the robot, as indicated by the GPS have their probability
decreased by a significantly greater amount than if they were
in area A.
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Fig. 6.

Probabilistic Mapping With The Obstacle Sensors

Additionally, each cell also has associated with it the
probability of being in the target area. This is done with
the use of the beacon sensor. If the robot can see the beacon
(through the use of the beacon sensor) it knows the direction,
of the beacon. The size of the target area that has the beacon
at its centre is also known, and through the use of the
ground sensor, the robot knows if it is within the target
area. The model is somewhat similar to that of the obstacle
mapping: all cells in the direction of the beacon, with a given
aperture and within the maximum range of the beacon, have
their probabilities of being the target area increased while
all others have their probabilities decreased. Also the areas
occupied by the robot, have their probability decreased by
a significantly greater amount if the ground sensor does not
indicate the robot has reached the target area.
V. PATH P LANNING AND PATH E XECUTION
Path or trajectory planning determines the best, usually the
shortest, trajectory from the agents current location to a target
location. It is a common part of deliberative CiberMouse
agents such as [6] and [8]. Brain creates a sequence of
waypoints which it will follow from its current location to
another location using the A* search algorithm [9] to find the
best known path between the 2 points. First, the internal map
resolution is reduced, from square cells of side 0.1 um to cells
of side 1 um. The probability of each new cell in the map
being occupied is the average of the sum of the probability
of the old cells contained within it. This was done in order
to speed the execution of the A* algorithm and can be easily
changed if, for some reason, it becomes necessary or prudent
to do so - the A* algorithm can be applied directly on the
internal high resolution map. Secondly, the A* algorithm is
applied and the center point of each intermediate cell is used
as a waypoint. The heuristic used by the A* is the euclidean
distance between the cells and the destination point. FIgure
7 shows an example of a plan made by a brain agent.
Executing the path means moving from waypoint to waypoint in order, from the present location to the target location.
There are several problems which may arise due to the
different mapping, sensor and actuator errors:
•

The robot might miss the exact waypoint, forcing it
to turn back. Considering motor error, inertia and GPS
error it would possibly have to circle around the point
for a while until it managed to actually pass over it.
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Fig. 7. A plan from the target area back to the starting position in the
partially explored CiberMouse@RTSS06 Final Arena. (Brain-Viewer)

The robot may pass over the waypoint without noticing
it, later forcing it to turn back.
• The waypoint may be placed inside an obstacle, making
it unreachable.
To deal with these problems, Brain takes 3 measures:
• The robot does not need to pass over the waypoint, it
only needs to pass next to it with a tolerance of 0.5 um.
• The AvoidObstacle Behavior has a higher priority than
FollowPath so even if the waypoint is inside an obstacle,
the robot will not hit the obstacle. Once the obstacle has
been avoided, path following is resumed.
• If the robot finds itself passing over a waypoint which
is not the next waypoint but one after, it automatically
resumes the path from that waypoint.
The combination of these measures has been shown to
work well experimentally.
•

VI. C OMMUNICATION AND C OOPERATION
The team of virtual robots is homogenous. They are
different only in their internal identification numbers that are
equal to the number of the position that each robot starts in.
These identification numbers can be used to create complex
behaviors where each robot knows which task to perform
based on his own identification number such as dividing the
map into regions to be explored by different robots. This
can also be used to identify the origin of a message that is
broadcasted.
If the robot hasn’t found the target yet, it sends a message
every cycle with the current position of the robot, including
its direction, and the values of the obstacle sensors. Data
from the beacon sensor could also be added. This data is
used by the recipients to build their map and is used in the
same way as their own sensor data would be used as shown
in figure 8.
If the target has been found, the message that is broadcasted contains a set of points that form a path from the
initial position of the robot to the target area. Upon receiving
such message, other robots calculate the path to the nearest
point in the received message and follow the points until they
reach the target, while repeating the message they received
with the solution.
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Fig. 8. A mapped area is shown that is not connected to the other parts
of the map. This area was not mapped by this agent, rather it was mapped
by another agent that then broadcasted it. (Brain-Viewer)

Fig. 9. A path from the start of the map to the target area that was set
from a message. The path shown goes through areas that the agent clearly
hasn’t explored. (Brain-Viewer)

A. Message Hopping
Considering a team of three robots, 1, 2 and 3, there will
be situations in which robot 1 is within communication range
of robot 2 and robot 2 is in range of robot 3 but robot 1 and
3 are not in range of each other. In that case, robot 2 can
relay messages from 1 to 3 and vice-versa. A schematic of
this message relaying is shows in figure 10. Brain achieves
this by appending the messages that will be relayed to the
end of each message it broadcasts if there is enough space
left to append the message.
VII. D EBUGGING
In order to debug Brain, two important modules were
created: the Internal State Viewer and the Simulation Viewer.
A. The Internal State Viewer
The Internal State Viewer, also known as Brain Viewer,
is a graphical visualization system that graphically display
the state of a Brain agent. Namely it shows the internal map
that the agent built, the position of the agent in that map, its
communication range and if the agent is following a path,
the points in that path.
B. The Simulation Viewer
The simulation viewer is a non-graphical software component that connects to the simulator as the CiberMouse’s own
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Fig. 10. Robot 2 relaying a message sent by 1 to 3 and 4. The numbered
points represent robots, the circles represent their respective communication
ranges

Fig. 11.

Brain Viewer displaying the internal map

visualizer would. This allows it to know the exact location
of each robot. This module thus can not be used in the actual
competition but is important for debugging the EKF. More
generally, this module is required for the implementation
of any machine learning techniques that require the correct
results for training. Furthermore, this module, in conjunction
with external scripts, can be used to automate experiments.
VIII. R ESULTS AND D ISCUSSION
A single Brain agent can choose any behavior and execute
it within the time of a cycle, even when there are multiple
agents running on the same computer. Presently, the EKF is
not working properly, as such, the experiments in this section
were performed with the GPS error disabled in the simulator.
While the advantage of communications in map building
can be shown easily, the behaviors which use the agents
internal map to explore the arena are not working sufficiently
well to provide reliable and useful results. Thus, a single
Brain agent reaching the target area is currently a matter
of luck. Therefore, the only way to show the advantage of
cooperation for reaching the target is to compare the number
of times the entire team reaches the target area against the
times only part of the team reaches it.
Experiments were performed using ciberTools version
1.5.2.2 with a maximum run time of 5000 cycles. The
hardware used was an Apple Macbook 2.1 with a 2.16GHz
dual-core intel processor and 3GB of RAM. For every
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Fig. 12.

Three agents reach the target area.

map and for every given number of agents, 10 runs where
performed with and without communications.

message. A smarter message hopping algorithm which determines wether a message needs to be relayed based on known
positions of other agents might also maximize the amount of
useful data in each message. The EKF needs to be fixed
and alternatives, such as Double exponential smoothingbased prediction (DESP) which might be faster [12] will
be considered. A slightly better A* heuristic should provide
with significant improvements in path planning. Brain clearly
needs better sensor-motor control as experiments showed
that it was unable to reliably navigate through maps with
very narrow paths, often resulting in collisions with the map
walls. A possible solution is to implement machine learning
techniques to solve that specific problem, improving obstacle
detection and avoidance. Other areas could also be improved
by using machine learning, such as optimizing exploration
and path following. NetSqueak successfully implemented
a path following behavior where movement control of the
CiberMouse robot was done by a neural network obtained
by evolution with genetic algorithms [13]. Machine learning
could also be applied to the development of a cooperative
exploration strategy for the team of agents. The creation
of external scripts integrated with the Simulation Viewer
module will allow for more experiments to be conducted
and optimization and machine learning techniques, such as
neural networks to be more easily used.
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