






1 INTRODUCTION 3

heavily on the use of essentially global information, shared by radio commu-
nication. For example, in Matarić’s implementation of coordinated movement
with homogeneous robots, robots made use of a common coordinate system
(through radio beacon triangulation) and exchanged positional information via
radio communication in order to remain coordinated (Matarić, 1995). Mech-
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Figure 2: Plan view of
a robot, drawn to scale,
showing location of the
IR sensors and wheels.









3 BUILDING THE SIMULATION 9

That fact that we are attempting design of controllers for a homogeneous sys-
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that all of the beam emitted from the sensor would strike the wall. IR reflected
from a wall can be calculated as a function of the distance between sensor and
wall, d, and angle of the sensor relative to a line orthogonal to the wall, θ, as
illustrated in figure 7 . We took measurements for d = 0, 2,. . . 20cm and θ =
-90, -70,. . . 90 degrees (i.e., the full range for which the wall could be sensed).
The variation of IR reading with distance for reflected IR is illustrated in figure
5, and an example of how readings vary with the angle θ is shown in figure 6.
Only one set of measurements was taken, that is, we measured one sensor on
one robot only.

Figure 7: Reflected IR was treated
as a function of the distance, d, and
angle of the sensor relative to a line
orthogonal to the wall, θ

Figure 8: Illustrating the 2-d ray-
tracing procedure. Of all the rays, 0
through n
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The IR lookup table stores only the sensor values which are generated by the
presence of one other robot. Nevertheless, the simulation must be able to deal
with the many occasions when two robots are simultaneously within range of a
third robot’s sensor(s). In such cases, two sets of readings can be taken from the
look-up table, one for each of the two robots that are within range of the third
robot’s sensors. However, the problem arises of how these two sets of values
are to be combined to yield a single set of sensory readings. This is a problem
because one robot may occlude the other, and the look-up table provides no
information as to whether occlusion is taking place. Detecting occlusions and
calculating their effect would be a significant additional computational expense
in the simulation—it would necessitate ray-tracing across the path of the IR
beam. To avoid this, we opted for a minimal and computationally inexpensive
solution to the problem. Namely, occlusion is accommodated but not simulated.
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Figure 9: When two robots, A and B, are in range of a sensor belonging to a
third robot, C, the look-up table gives two independent values for C’s sensor; the
sensor value due to A’s proximity, SA, and the value due to B’s proximity, SB .
In an accurate model, occlusion would be taken into account when combining
SA and SB. Thus, in panel i, where there is no occlusion, C’s sensor value
should be SA +SB . In panel ii, where A is fully occluded by B, C’s sensor value
should be SB . In panel iii, where A is partially occluded by B, C’s sensor value
should be SB , plus some proportion p, (0 < p < 1), of SA.

Consider that two robots, A and B, are both within range of a sensor be-
longing a third robot, C. Using the look-up table, we can establish C’s expected
sensor reading due to the presence of A, call this SA, and its reading due to B,
call this SB . We need to establish the the combined, final value, Sfinal. We
proceed by finding the possible range of values within Sfinal can lie. The two
extremes, non-occlusion and full occlusion, correspond to the extremes of the
range of possible values for Sfinal. If we know that neither robot occluded the
other, as in the situation illustrated in figure 9(i), then we could simply to sum
the sensor value due to each, i.e. Sfinal = SA + SB. This is the maximum pos-
sible value of Sfinal
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from the closed robot and the sum of the IR reflected from both. However,
in the case of direct IR, occlusion can reduce an IR value from the maximum
possible value down to zero. Hence, we contrived to model the occlusion of
direct IR, albeit as minimally as possible. The procedure we adopted required
making some simplifying assumptions, which reduce the accuracy of our model,
but made the occlusion-handling process much faster. Our first simplifying
assumption is based on the following observation: When one robot receives
IR emitted by a second robot, this usually only involves one emitter and one
receiver. This is simply due to the positions of the robots’ sensors and the
properties of the IR beam. In certain positions the beam emitted from one
receiver may strike two receivers, or two beams (emitted by the same robot)
may strike two separate receivers. However, in such cases, the amount of IR
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Here T is the neuron’s threshold. mt is a function of a neuron’s weighted,
summed input (s), and the value of mt−1 scaled by a temporal decay constant,
such that:

mt =

{

(γA)mt−1 +
∑N

n=0
wnin if Ot−1 = 0

(γB)mt−1 +
∑N

n=0
wnin if Ot−1 = 1

where γA and γB are decay constants, and wn designates the weight of the con-
nection from the nth input (in) that scales that input. γA and γB are constrained
to the range [0:1], the values of weights and thresholds are unconstrained. For
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entailed that a random Gaussian offset was applied to each real-valued param-
eter encoded in the genotype with a small probability, such that the expected
number of micro-mutations per genotype was 2.0. The mean of the Gaussian was
0, and its s.d is 0.33 of that parameter’s initialisation range. The threshold and
weight parameters were unbounded, but the decay constants were restricted to
their initialisation range of [0:1]. In cases where the mutated value of a bounded
parameter fell outside a bound, its value was set at uniform random to a value
between the bound and its pre-mutated value.

Three types of macro-mutation were employed. The first two involve the ad-
dition and deletion of genetic material. Ideally we would like to balance the rate
at which new genetic material is added to and removed from the population,
facilitating steady growth as the added material becomes a functional part of
the genotype. We have found that, on average, addition is less disruptive that
deletion, so in an attempt to maintain a balance, we have set addition rates
lower than deletion rates; individuals subject to addition mutations are more
likely to remain in the population than those subject to deletion mutations. The
first type of macro-mutation involved the addition or deletion of genes. An ad-
dition mutation occurred with a probability of 0.004 per genotype, with the new
gene being created and added to the genotype by the same procedure described
in section 4.2.1 above, except that the maximum number of connections per
connection list was limited to two (in order to minimise disruption). Deletion
occurred with probability 0.01, and was applied in one of two ways. With a
probability of 0.5, one gene was selected at uniform random and removed from
the genotype, otherwise a gene was chosen for removal at biased random, us-
ing roulette-wheel selection, with a probability inversely proportional to its age
(i.e. the number of generations that it had been in the population)5. The sec-
ond type of macro-mutation involves the addition and deletion of connections.
With probability 0.02, a new connection was created (following the procedure
described in section 4.2.1); the connection had an equal probability of being an
input or an output, and was added to a randomly chosen gene. With a proba-
bility of 0.04, a gene was selected at uniform random, a connection list chosen
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(i) (ii)

(iii) (iv)

Figure 20: An example of the team moving into the formation posi-
tions. (i) The robot’s initial positions. Initially, C is attracted B’s rear sensors,
causing B to turn tightly, A circles away, clockwise (ii) B and C begin to form
a pair as A circles round towards them (iii) A disrupts the pair formation of
B and C, subsequently pairing with B. (iv) C becomes attracted to B’s rear
sensors and begins to move into position. Shortly after this, the team achieve
their final formation.

front robot, formation again move off in the opposite direction, with each robot
performing the role appropriate to its position. Thus, the fact that each robot
remains in the same role within the formation is solely by virtue of the spatial
organisation of the formation, rather than any long-term differences in internal
state7.










