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ABSTRACT
This paper presents a framework for co-adapting mobile sen-
sors in hostile environments to allow telepresence of a dis-
tant user. The presented technique relies on cooperative
co-evolution for sensor placement. It is shown that coopera-
tive co-evolution is able to find simultaneously the required
number of sensors to observe a given environment and a con-
figuration that is consistently better than other well know
optimization algorithms. Moreover, it is presented that co-
evolution is also able to quickly reach a new configuration
when the environment changes.

Categories and Subject Descriptors
I.2.9 [Artificial Intelligence]: Robotics—sensors, auton-
omous vehicules; G.1.6 [Numerical Analysis]: Optimiza-
tion—global optimization

General Terms
Algorithms, Performance

Keywords
Evolutionary and swarm robotics, mobile sensor network,
co-adaptation, visibility

1. INTRODUCTION
Recent democratization of mobile computing and minia-

turized robotics paved the way for using swarms of small
and relatively simple robots to accomplish tasks that a so-
phisticated and expensive one cannot achieve alone. In fact,
the distributed fashion in swarm robotics grants three valu-
able characteristics that are hard to fulfill for a single robot:
robustness, flexibility, and scalability [13]. The application
of swarm robotics to inspection and surveillance is appeal-
ing as the general objective is to gather information rapidly,
safely, and reliably, especially when exploring hazardous or
inaccessible environments. For example, a swarm of au-
tonomous robots would be of great utility in investigating
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Figure 1: Mobile sensor placement in an environ-
ment according to the desired virtual points of view.

environments such as defective nuclear power plants (e.g.
Fukushima) and distant locations (e.g. Mars).

The current research project investigates coordination of
mobile sensors in unfriendly dynamic environments. In par-
ticular, we are interested in placing a limited number of
mobile sensors in such manner that an external user can
observe a scene, inaccessible for different reasons, from a de-
sired point of view (even if no physical sensor is or can be
placed at this location). To achieve their goal of reproducing
the virtual point of view of the environment, the robots must
coordinate and optimize their sensing actions according to
the geometry of the environment. As shown in Figure 1,
we want a swarm of sensors (R1 to R4) to configure itself
automatically so that the necessary information about the
environment is gathered for the virtual point of view (Cv) be
reprojected. Although Cv is represented as a normal cam-
era, it can be of any imaginable type of sensor since it is
virtual, e.g. three-dimensional, wide angle, omniscient, etc.
It is only limited by the data collected by the real sensors.

This paper proposes a framework for co-adapting the con-
figuration of a swarm of mobile sensors to render desired
virtual points of view of environments. Section 2 of this
work describes the world representation used internally by
the robots and the way we estimate their visibility. Then,
Section 3 puts forward a co-evolutionary technique for co-
adapting the configuration of the robots given the environ-
ment. Section 4 presents preliminary results on co-adapting
a swarm of robots to sense a dynamic environment. Finally,
Section 5 concludes on the impact of the proposed method
and propounds several avenues for the project future.

2. ESTIMATING VISIBILITY
Estimating the visibility of a sensor at a certain position

is primordial in order to optimize its position. Visibility can
be defined by how much a sensor covers the environment
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Figure 2: Estimation of the sensor coverage.

surface. If seen as projectors, the sensors project triangu-
lar beams that produce a footprint on the surfaces of the
environment as seen on Figure 2(a). This section presents
the technique used to compute the area observed by one or
multiple sensors based on their footprint.

2.1 Environment Representation
The environment must first be represented internally so

that the visibility of any given sensor can be estimated. The
occupancy grid [4, 11], partitioned in an octree [10], offers
an ideal geometrical model for its capability to represent
complex three-dimensional spaces. An occupancy grid is a
volumetric model in which the environment is subdivided in
cells of equal volume. The octree partitioning of the occu-
pancy grid allows memory efficient representation of large
uniform space and fast ray-tracing operations [2, 14].

2.2 Sensor Simulation
As shown in Figure 2, sensors can be simulated by using a

ray casting technique. In fact, by tracing rays ri in certain
directions from the sensor position we can retrieve the first
occupied cells hit by those rays. If we know the normal
of the surface hit and the distance between the sensor and
this surface we can easily compute the triangle bases Δf .
Once all bases are calculated summing them up gives us the
footprint of the sensor. Again, our representation allows
us to efficiently reconstruct the normals of the environment
through the marching cubes algorithm [9].

In a multi-sensor configuration, the sensors footprint can
overlap. This leads to a total effective footprint that is
smaller than the sum of each sensor footprint taken sepa-
rately. As shown in Figure 2(b), sections S1 and S3 are di-
rect results of each sensors footprint, but section S2 is seen
by both sensors. The estimation of the footprints combi-
nation is obtained by using a single sensor footprint in the
overlapping area.

3. CO-ADAPTING ROBOTS
Evolutionary optimization of sensor networks has been ad-

dressed in the last decade [1, 7, 15]. Most of these works
considered the sensor network has a whole and implemented
the optimization of all sensors of the network at the same
time. Here we propose to break down the optimization into
several sub-problems that are resolved cooperatively by mul-
tiple sub-solutions [12].

3.1 Cooperative Co-evolution
Additionally to breaking down the problem, cooperative

co-evolution offers a simple mechanism to adapt the number
of species to the problem at hand. In fact, when the evolu-
tion stagnates for a certain number of generations, namely
when the fitness of the individuals stops improving, a new
species is added to the population and species not contribut-
ing enough to the evolution are removed. The right number
of sensors is thus emerging naturally from the evolutionary
process.

1 initialize P← {Si, i = 1, . . . , n}
2 choose R← {select random(Si), i = 1, . . . , n}
3 while ¬stop do
4 R′ ← {}
5 foreach species Si ∈ P do
6 Si ← mate(Si)
7 Si ← mutate(Si)
8 evaluate(Si,R\ri)
9 R′ ← R′ ∪ {select best(Si)}

10 Si ← select(Si)

11 end
12 R← R′

13 if improvement < Ti then
14 remove species with contribution < Tc

15 R← R\R−

16 add a new species P← P ∪ {S′}
17 R← R ∪ {select random(S′)}
18 end

19 end
Algorithm 1: Cooperative co-evolution.

Algorithm 1 presents the pseudo-code for co-evolution as
introduced by Potter and De Jong [12]. It shows how each
species Si of the population P is evolved independently
of the others and how interaction through evaluations is
acheived. More specifically, on line 8, the evaluation of the
species individuals is made in collaboration with the species
representatives excluding the representative of the current
species R\ri. The inner loop, beginning at line 5, is a classi-
cal genetic algorithm with crossover, mutation, and selection
steps. At each ecosystem generation, i.e. the outer loop
beginning at line 3, the representatives are updated with
the best individual of each species for the next generation.
Then, the improvement of the evolution is verified at line
13. If the fitness of the solution given by all representatives
has not improved over the last generations by more than a
given threshold Ti, then the system is stagnating. In this
situation, unproductive species that contribute less than a
threshold Tc are removed from the population1 – their rep-
resentative (R−) are also removed from R – and one new
species is added to the population. The evolution continues
until a termination criterion is reached.

3.2 Evolving Sensors
In our framework, we evolve homogeneous sensors repre-

sented by a position and an orientation in a float vector.
We use a simple float vector genetic algorithm as the inner
loop of our co-evolution with α-blend crossover [5], gaussian

1Newer species are removed first and the contribution is re-
calculated after each removal favouring older species.
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Figure 3: Static (left) and dynamic (right) worlds.

mutation, and tournament selection, respectively on lines 6,
7, and 10 of Algorithm 1.

The evaluation of the individuals is made by combining
the evaluated individual with the representatives of the other
species and simulate them in the occupancy grid as men-
tioned above. The fitness is assigned only to the individual
being evaluated. Each species contribution to the cooper-
ative fitness is evaluated by subtracting the fitness of its
representative alone to the fitness of the group of sensors.
This allows the identification of species that are unproduc-
tive (contribution smaller than the threshold Tc) and shall
be removed. Finally, the improvement is computed over a
generation window. If the cooperation fitness of the rep-
resentatives has not increased enough during that window
(cooperation smaller than the threshold Ti), the stagnation
mechanism to add a new species and remove the unfit ones
is executed.

4. PRELIMINARY EXPERIMENTS
Our preliminary experiments concern the placement of

sensors in complex static and dynamic environments us-
ing the presented co-evolutionary technique. Both environ-
ments are presented in Figure 3. In the dynamic world, only
two small blocks are present at a time. They start from
the north-west and south-east positions and rotate counter
clockwise to the next positions.

We want to reproduce an omniscient sensor that is seeing
all static parts of the environment, i.e. sensors are rewarded
only for there footprint area that is on static parts of the
environment. With those experiments, we want to see if a
cooperative co-evolutionary algorithm is able to

• find a good enough configuration of sensors so that
most of the environment is sensed,

• find the number of sensors required to accomplish the
task, and

• adapt the found configuration when the environment
changes.

Figures 4 and 5 present respectively the evolution of the
sensor coverage in the static environment and a solution
found by the co-evolutionary algorithm. The jumps in the
fitness function are produced by the addition of sensors while
slower increases are due to optimization of the network. As
we see, after 60 000 evaluations, sensors are also deleted
(decrease of the fitness function) keeping only sensors that
have a significant contribution to the sensors network. Ad-
ditionally to find the required number of sensors, the co-
evolutionary technique discovers better solutions than a ca-
nonical Particle Swarm Optimization (PSO) [8] and Covari-
ance Matrix Adaptation Evolution-Strategy (CMA-ES) [6],
that are set to evolve a fixed number of sensors.

Figures 6 and 7 show the optimization of the coverage in a
dynamic environment, changing at three different paces. As

Figure 4: Optimization of the visibility in a static
environment.

Figure 5: Co-adapted configuration of 11 sensors.

we can see in all three cases, the co-evolution is able to recon-
figure the sensors conveniently and rapidly after a change,
while CMA-ES and PSO seems to have more difficulties to
adjust the sensors configuration. In fact, once the right num-
ber of sensors is found the co-evolutionary methods shows
faster convergence in all three situations. We also note that
the most important mechanism of the co-evolutionary tech-
nique in dynamic environment is the stagnation detection
that acts like a restart for sensors that are the most affected
by a change. Indeed, shortly after a change the sudden de-
terioration of the fitness forces the algorithm to enter its
stagnation phase, thus deleting unfit sensors and adding a
new sensor. This mechanism helps the algorithm to quickly
reach a new configuration that suits better the current en-
vironment geometry.

5. CONCLUSION
This paper presented an efficient cooperative co-evolution-

ary technique to optimize the configuration of a swarm of
robots in static and dynamic environments. Moreover, it
can find simultaneously a good configuration and the num-
ber of sensors to maximize the coverage of the surfaces in a
given environment. The presented technique has also been
shown to produce better results than other evolutionary
techniques with equivalent computational effort. When ap-
plied to swarm robotics, this technique provides a way to
place robots in an environment so that an area of interest
can be efficiently observed using the right number of robots.

The current work can be extended in many ways. In fact,
the currently studied avenues for the framework span in two
major directions. First, we are working on specializing the
internal representation of the world so that information on
moving objects is included directly in the occupancy grid.
This would allow the cost function of our optimization algo-
rithm to treat moving cells differently than unknown, free,
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Figure 6: Optimization of the visibility in a dynamic
environment.

and occupied cells. Furthermore, knowing that some cells of
the occupancy grid are produced by moving objects, we can
build a host/parasite type of competitive co-evolutionary
algorithm between different moving objects configurations
and different sensors placements. This would help to find a
sensors arrangement that is resilient to movements. The sec-
ond direction concerns directly the optimization algorithm.
In fact, our problem is part the dynamic objective function
problem class and we wish to investigate how well evolution-
ary algorithms can tackle such kind of problems, following
what has been proposed by Branke [3].
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