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Communication is an indispensable component of animal societies, yet many open questions remain

regarding the factors affecting the evolution and reliability of signalling systems. A potentially important

factor is the level of genetic relatedness between signallers and receivers. To quantitatively explore the role

of relatedness in the evolution of reliable signals, we conducted artificial evolution over 500 generations in

a system of foraging robots that can emit and perceive light signals. By devising a quantitative measure of

signal reliability, and comparing independently evolving populations differing in within-group related-

ness, we show a strong positive correlation between relatedness and reliability. Unrelated robots

produced unreliable signals, whereas highly related robots produced signals that reliably indicated the

location of the food source and thereby increased performance. Comparisons across populations also

revealed that the frequency for signal production—which is often used as a proxy of signal reliability in

empirical studies on animal communication—is a poor predictor of signal reliability and, accordingly,

is not consistently correlated with group performance. This has important implications for our

understanding of signal evolution and the empirical tools that are used to investigate communication.
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1. INTRODUCTION
Communication is an important component of animal

societies. While signals (defined as behaviours, structures

or chemical emissions that affect the behaviour of other

organisms, which evolved because of that effect, and

that are effective because the receiver’s response has also

evolved [1,2]) are mainly thought to convey honest infor-

mation to other individuals, it has been found that

unreliable signals used to manipulate the behaviour

of others are common [3,4]. Although the reliability of

signals of mate quality has been extensively studied (e.g.

[5–7]), signals conveying information about the external

environment have received comparatively little attention

in theoretical and empirical studies. Empirical obser-

vations in divergent taxa suggest that honest and reliable

communication frequently occurs among highly related

individuals [8–11]. This is in line with current social evol-

utionary theory, which predicts that relatedness is a key

component selecting for cooperative behaviour [11–13].

However, because of the lack of quantitative measures

of signal reliability in animal communication systems, it

has proven difficult to test whether high relatedness is

an important factor promoting reliable signalling.

To quantitatively explore how relatedness influences

the evolution of signal reliability, we conducted exper-

imental evolution in populations containing 100 groups

of eight foraging robots each [14], in which we could

manipulate the level of within-group relatedness. The
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physical properties of the robots allowed us to study the

effect of spatial and visual properties of the system on

the evolution of signalling and response strategies.

Using this system, we devised a measure of signal

reliability, and investigated how this index was influenced

by within-group relatedness, which we varied over five

experimental treatments.

Experimental trials were conducted by allowing robots

to ‘forage’ for 1 minute in an arena containing a food and

a poison source that both emitted red light (figure 1).

Robots could distinguish food and poison only at a very

close range. The performance of robots was proportional

to the amount of time spent in the vicinity of food and

negatively proportional to the time spent near poison

(see §2). Additionally, robots had the possibility of produ-

cing and perceiving blue light, hence potentially allowing

them to transmit information about food and/or poison

location. Under such circumstances, providing infor-

mation on the location of food and poison can be

beneficial to robots receiving the information, and thus

result in higher density and increased competition

around the food spot (the space around the food is limited

to only six robots). Because such competition could result

in robots being pushed away from the food, signalling of a

food location constitutes a costly act. Once all robots in

the population had been evaluated, the genomes of the

20 per cent of robots with the highest individual perform-

ance in the population were selected, subjected to

mutation and recombination (i.e. sexual reproduction),

and combined to form groups of eight robots for the

next generation. This process was repeated for 500 gener-

ations of experimental evolution, which was carried out

using physics-based computer simulations that precisely

model the dynamical properties of real robots. These
This journal is q 2010 The Royal Society
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Figure 1. Experimental setup. (a) Food and poison sources, both emitting red light are placed 1 m from one of two opposite
corners of the square (3 m � 3 m) arena. Robots (small circles) can distinguish the two sources by sensing the colour of the
circles of paper placed under each source using their floor sensors when driving over the paper. (b) The robot used for the

experiments is equipped with two tracks to drive, an omni-directional (3608) vision camera, a ring of lights used to emit
blue light and floor sensors to distinguish food and poison sources. See [14] for details.

2 S. Mitri et al. Signal reliability in evolving robots
selection experiments were repeated in 30 independently

evolving populations for each of the five within-group

relatedness values.
2. MATERIAL AND METHODS
(a) Experimental setup

Each robot was equipped with two tracks that could rotate

independently, a 3608 camera, a ring around its body that

could light up in blue, floor sensors to detect food and

poison and a neural controller that determined its behaviour.

The neural controller consisted of 11 input neurons con-

nected to three output neurons through 33 ‘synaptic

weights’. At each time step, the values perceived by the

robot’s sensors (i.e. the amount of blue and red light per-

ceived by its camera and whether it detected that it was on

food or poison) were used to activate the 11 input neurons.

The activation of the three output neurons (whose values

were used to set the speeds of the robot’s two tracks and to

emit blue light) was then computed by multiplying each of

the values of the input neurons by the corresponding synaptic

weight and passing the result through a continuous tanh(x)

function. The 33 synaptic weights were each encoded by

one gene consisting of 8 bits representing a value in the

range [21, 1]. The genome of a robot (i.e. the 33 genes

encoding the values of the 33 synaptic weights) thus deter-

mined how it would react to given sensory stimuli (see [14]

for more details on the robot hardware, its behaviour and

the experimental setup).

(b) Measuring robot performance

At each 50 ms time step of the 60 s long trial, a robot gained

one performance unit if it was in the vicinity of the food and

lost one unit if near the poison. A robot was considered in the

vicinity of food or poison if touching the paper disc placed

under the food or poison. Otherwise, the robot was counted

as being elsewhere in the foraging arena (see also [15]). In

the experiments where there was a cost to light emission,

the performance of a robot was further reduced by 0.04

units at each time step in which it emitted blue light. The
Proc. R. Soc. B
average performance P of each robot during the 1200 time

steps in a trial was

P ¼ tf � tp � ce

1200
; ð2:1Þ

where tf denotes the number of time steps spent by food,

tp the number of time steps spent by poison, e the number

of time steps in which the robot emitted blue light and c

the cost of light emission per time step (0 or 0.04). The per-

formance of each robot was evaluated as the average of 10

trials conducted on the same group of eight robots.

(c) Artificial evolution and relatedness

At the end of each of the 500 generations of selection, the 800

individuals in the population (100 colonies of eight robots)

were ranked according to their performance and the best 20

per cent (160 individuals) were selected. From these 160 indi-

viduals, genomes were randomly chosen (with replacement)

and assorted in pairs to perform crossover (with a probability

of 0.2) and mutations (with a probability of 0.01 for each of

the genome’s 264 bits) to create 100 new groups of eight

robots each. The distribution of newly created individuals

among the groups depended on the level of relatedness in a

given treatment. Within-group relatedness was defined as the

probability of a signal receiver being the signaller’s clone,

where we assumed that in any group, it was equally probable

for any robot in the group to perceive the signal produced by

another robot. Consequently, the mean level of relatedness

could be varied by forming robot groups composed of

different proportions of clones.

We conducted five sets of experiments, each consisting of

30 experimental replicates with a unique level of within-

group relatedness (0, 0.25, 0.54, 0.75 and 1). To form a

group of relatedness r ¼ 1, one individual was randomly

chosen from the pool of the 160 selected individuals, recom-

bined, mutated (according to the probabilities given above)

and cloned seven times, to make groups of eight robots

with identical genomes. At the other extreme, groups of

unrelated robots (r ¼ 0) were composed by repeatedly

choosing eight different genomes from the pool and assigning
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Figure 2. Performance and signal reliability increase with relatedness. (a) Performance and (b) signal reliability at different levels
of relatedness for robots that could perceive blue light (black line with circles, normal) and robots that were blind to blue light
(grey line with circles, blind). Each point represents the median of 30 independent replicates, where the value of each replicate
is the mean of all individuals in the last 20 generations. The grey bands represent the uncertainty about the median. Bands that do
not overlap indicate that the medians differ at (approx.) the 5% significance level (see §2 for details).
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them to the same group. For intermediate levels of relatedness,

r ¼ 0.25, 0.54 and 0.75, different proportions of clones were

used to form groups of eight robots (3 : 3 : 2, 1 : 1 : 6 and 1 : 7,

for the three levels of relatedness, respectively, see the elec-

tronic supplementary material, S1). Although this group

composition differs largely from patterns of group related-

ness in most natural populations, social evolution should

depend only on the mean relatedness within a group, since

the robots have no way of directing interactions towards

specific individuals.

(d) Data analysis

The total frequency of light emission s was computed as the

average number of time steps robots spent emitting light

divided by the number of time steps in a trial (1200). To cal-

culate the frequencies of light emission in different areas o of

the arena, where o [ O ¼ ff,p,ng ( f stands for food, p for

poison, and n for elsewhere in the arena), the mean

number of time steps eo robots spent emitting light in the

vicinity of object o was divided by the mean number of

time steps to they spent in the vicinity of o.

To quantify the reliability of blue light signals, we devised

an index R quantifying whether a robot perceived more blue

light in the direction of the food. To do this, we analysed the

inputs of each robot’s omni-directional visual system if the

robot had not yet arrived at the food source and could

detect one or more blue light pixels in any direction. This

was done by (i) ranking the four quadrants of the robot’s

visual system by the amount of light perceived at each time

step (i.e. the quadrant with the largest amount of blue light

was assigned rank q ¼ 1, etc. where q [ Q ¼ f1, 2, 3, 4g)
and (ii) computing the ratios wq of time steps where the

food was located in each of the four quadrant ranks q.

The reliability index R was then calculated using the

Shannon entropy [16] (uncertainty) of the probability distri-

bution X ¼fw1, w2, w3, w4g using the following equation:

HðXÞ ¼
X

q[Q

wq logwq: ð2:2Þ

This entropy value H ranges from Hmin ¼ H(Xmin) ¼ 0,

when there is no uncertainty on food location (e.g. blue
Proc. R. Soc. B
light is perceived only in the direction of the food, Xmin ¼

f1, 0, 0, 0g) to Hmax ¼ H(Xmax) ¼ 1.39, when uncertainty

on the location of food is maximal (i.e. there is no association

between blue light intensity and food location, Xmax ¼ f0.25,

0.25, 0.25, 0.25g). Accordingly, the reliability index R is

defined as the difference between the maximum entropy

Hmax and entropy H(X ), normalized by Hmax, thus yielding

values of R between 0 (when the intensity of blue light pro-

vides no reliable information on the location of the food

source) and 1 (when the intensity of blue light perceived pro-

vides perfectly reliable information on the location of the

food source at all time steps):

RðXÞ ¼ Hmax �HðXÞ
Hmax

: ð2:3Þ

Note that the index of reliability is identical to the

measure of information used in [15], except that instances

in which a robot could perceive no blue light were excluded

in the computation of values of wq.

To compare performance p, signal reliability R and blue

light emission frequencies s between experiments, we

calculated the mean values of the 800 individuals over

the last 20 generations for each of the 30 independent

replicates. These 30 values were used to describe data

(mean+ s.e.) and were compared with non-parametric

(Mann–Whitney or Kolmogorov–Smirnov) tests because

some of the data did not follow a normal distribution.

When comparing the robots’ performance in treatments

where light emission was costly with treatments where it

was not (figures 2–4 and electronic supplementary material,

figures S2 and S3), we added a factor 0.04e/1200 to the

robots’ performance P. This ensured that we compared

their ability to forage, independently of the costs resulting

from light emission.

The widths of the grey bands in figures 2 and 3, and also

in the electronic supplementary material, figures S2 and S3

were computed using the percentiles of the distributions

(identical to boxplot notches in MATLAB). The method

represents a visual approximation of significance levels [17].
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Figure 3. Frequencies of blue light emission in different areas
of the arena at different levels of relatedness. Each point rep-
resents the median of 30 independent replicates, where the
value of each replicate is the mean emission frequency over

all individuals in the last 20 generations. For details on the
grey bands, see the caption of figure 2 (solid line with
black circles, by food; solid line with dark grey circles, by
poison; solid line with light grey circles, elsewhere).
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3. RESULTS
(a) Relatedness, performance and signal reliability

Over the 500 generations of selection, the performance

of the robots increased at all levels of relatedness (see

electronic supplementary material, figure S1). At the end

of the selection experiment, the performance of robots

was positively associated with within-group relatedness

(Pearson’s correlation coefficient r ¼ 0.64, p , 0.001,

figure 2a). The performance of the robots in these

experiments significantly increased between relatedness

values 0 and 0.75 (Mann–Whitney tests, all d.f.¼ 59,

p , 0.05), but the performance did not differ signifi-

cantly between relatedness values 0.75 and 1 (d.f. ¼ 59,

p ¼ 0.89).

To test whether these differences in performance were

due to differences in signalling strategies, we conducted

an additional experiment where robots were blind to

blue light. In this experiment, blue light emission could

evolve but it could no longer affect the robots’ perform-

ance, as it could not be perceived. Consistent with the

view that differences in performance were mediated by

relatedness altering the robots’ communication strategy,

there was no significant correlation between relatedness

and performance in this experiment (r ¼ 0.12, p ¼ 0.15,

figure 2a).

To study the effect of variations in relatedness on the

reliability of signalling, we devised an index of signal

reliability, which consists of analysing the inputs of each

robot’s visual system to establish whether robots per-

ceived more blue light in a consistent direction with

respect to the direction of the food (see §2). This index

could vary between 0 when blue light was equally distrib-

uted in all directions relative to the direction of the food

(i.e. the signal is completely unreliable) to 1 when blue

light was always perceived in a predictable direction rela-

tive to the food (i.e. the signal is completely reliable). The

reliability index was significantly correlated with
Proc. R. Soc. B
relatedness (r ¼ 0.58, p , 0.001, figure 2b) as well as

with performance (r ¼ 0.84, p , 0.001).

At relatedness 0, the reliability of the robots’ signals as

well as their performance were significantly lower than in

the treatment where robots were blind to blue light

(Mann–Whitney tests, both d.f. ¼ 59, p , 0.001). This

is because in the blind treatment the light emitted by

robots inadvertently provided some information regard-

ing the location of the food. This was selected against

when robots were unrelated and could perceive the sig-

nals, thus reducing performance (for a detailed analysis

and discussion of this effect see [15]).

To investigate how the signalling strategies of the

robots changed with relatedness, we compared the fre-

quency of blue light production in different areas of the

arena (near the food, near the poison and elsewhere in

the arena) across relatedness treatments in the experiment

where robots could perceive blue light. As relatedness

increased, there was an increase in the frequency of sig-

nalling near the food (r ¼ 0.46, p , 0.001) and a

reduction in signalling frequency near poison

(r ¼ 20.49, p , 0.001) and elsewhere in the arena

(r ¼ 20.36, p , 0.001, figure 3). Thus, groups of

highly related robots evolved to emit light by the food

more often than in other areas of the arena, allowing

other robots to reliably locate the food source [14].
(b) Signal production frequency versus

signal reliability

Because measuring signal reliability is difficult under

natural conditions, researchers have typically used signal

production frequencies as a proxy for signal reliability in

a variety of contexts (e.g. signals of need [18,19], sexual

signals [20] and cooperative signals [21]). However,

it is unclear whether signal production frequencies

consistently correlate with signal reliability.

To explore whether signal production frequencies are

good indicators of signal reliability in our system, we ana-

lysed the frequency of blue light emission in the different

treatments. There was no significant correlation between

relatedness and signal production frequencies (r ¼ 0.1,

p ¼ 0.24). Furthermore, within each relatedness treat-

ment, there was no consistent association between

signal frequency and performance. Across the 30 repli-

cates, the correlation between the frequency of

signalling and performance was negative for relatedness

0 (r ¼ 20.49, p , 0.01), positive for relatedness 1 (r ¼

0.88, p , 0.001) and not significant for relatedness

levels 0.25, 0.54 and 0.75 (all p . 0.31, figure 4a). By

contrast, a similar analysis between the index of reliability

and performance revealed a significant positive corre-

lation at all levels of relatedness greater than 0 (r ¼ 0.25

to r ¼ 1, all r . 0.6, p , 0.001, figure 4b). At r ¼ 0,

light emission was unreliable and resulted in relatively

low performance in all experimental replicates and there

was thus no significant correlation between the two

measures (r ¼ 20.2, p ¼ 0.3). These correlations were

significantly higher than the correlations between signal

frequency and performance at relatedness levels 0.54

and 0.75 (95% CI of correlations did not overlap). At

relatedness 0, 0.25 and 1, there was no significant differ-

ence between the two correlations (overlapping 95% CI).
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Figure 4. Correlating light emission frequency and signal reliability with performance when light emission was cost-free versus
costly. Panels (a) and (c) show the frequency of blue light emission versus performance, while (b) and (d) show signal reliability

versus performance of robots at different levels of relatedness, where light emission was cost-free (panels (a) and (b)) or costly
(with a cost of 4%, panels (c) and (d)). Each point represents the mean over the last 20 generations for each of the 30 exper-
imental replicates. Solid lines indicate results of a linear regression, while dashed lines show 95% CI. (i) r ¼ 0, (ii) r ¼ 0.25,
(iii) r ¼ 0.54, (iv) r ¼ 0.75, and (v) r ¼ 1.0.
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To test whether the lack of consistent correlations

between signal production frequencies and performance

(figure 4a) may have resulted from the production of

blue light being cost-free, we conducted another exper-

iment where the performance of a robot was reduced

proportionally to the frequency with which it emitted

blue light. These experiments revealed similar associ-

ations between relatedness, reliability and performance

as in the experiments where light emission was cost-free

(compare figures 2 and 3 with the electronic supplemen-

tary material, figures S2 and S3). Overall, there was a

positive correlation between signal frequency and related-

ness over the last 20 generations (r ¼ 0.48, p , 0.001).

The correlation between signal production frequency

and performance (corrected for the cost of signalling)

was positive for three of the five relatedness values (for

r ¼ 0.54 to r ¼ 1, all r . 0.69, p , 0.001) and negative

for the other two values (for r ¼ 0, r ¼ 20.37, for r ¼

0.25, r ¼ 20.45, both p , 0.05, see figure 4c). The

index of reliability was not significantly correlated with

performance at relatedness r ¼ 0.25 (r ¼ 20.35, p ¼

0.053) but was positively correlated for all other related-

ness values (all r . 0.41, p , 0.05, figure 4d).

In contrast to the experiments where signalling was

cost-free, the correlation between signal reliability and

performance was only significantly greater than the

correlation between signal emission frequency and

performance at relatedness 0 (95% CI did not overlap),

but was not different at any other relatedness value

(95% CI overlapped).

Altogether these data indicate that the frequency of

signal production tended to be more frequently positively

correlated with performance when there was a cost of

signal production, whereas the index of reliability was

positively correlated with performance independently of

signal production costs. Given that a number of empirical

studies have shown that the cost of signal production may

be negligibly low (reviewed in [22]), we may expect a lack

of association between signal production frequencies and

performance in some natural systems, similar to that

observed with the robots.
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4. DISCUSSION
By applying artificial selection to groups of signalling

robots, we have shown that increasing relatedness within

groups results in an increase in the reliability of the

robots’ evolved signalling strategies. These findings can

be explained by kin selection theory [11]. In our

system, the production of reliable signals increases the

likelihood of other robots finding the food, and is thus

costly for the signalling robot as it increases the prob-

ability of being pushed away from the food. Unrelated

robots were therefore selected to produce unreliable sig-

nals in order to maximize their direct fitness. By

contrast, when robots were related, signalling robots

that attracted other robots to the food increased their

indirect fitness, thus compensating for the reduction in

direct fitness. The gain in indirect fitness was pro-

portional to the average relatedness among robots in a

group, which explains the positive correlation between

signal reliability and within-group relatedness.

Higher relatedness has also been shown to lead to

more reliable signals in natural communication systems

[8–11]. For example, barn swallow chicks that beg for

food from their parents produce less intense begging dis-

plays in groups of siblings than in mixed groups [8].

Similarly, ground squirrels in groups of related individuals

are more likely to produce alarm signals than squirrels in

groups comprising unrelated individuals [10]. In these

two examples, it is notable that two opposing trends in

signal frequency are taken to indicate reliable signalling.

This apparent contradiction stems from the difference

in the benefits of signalling in the two scenarios. In the

case of the chicks, louder signalling will lead to larger

rewards for the individual signaller and consequently

less for its nest-mates, whereas in the case of the squirrels,

alarm calls are expected to increase the benefits for other

members of the group rather than for the signalling indi-

vidual alone. An individual squirrel would instead gain

more by not producing alarm calls and reaping the

benefits of the calls of its conspecifics.

The context in which signals are produced and per-

ceived, such as the distribution of benefits gained
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through signalling, or the cost of signal production, are

thus expected to largely influence the frequency of

signal production and its relation to signal reliability.

This suggests that signal production frequencies may

not be good predictors of signal reliability under all

conditions. Nevertheless, many studies use signal pro-

duction frequencies to estimate signal reliability (see [4]

for a review). An alternative would be to measure signals

at the receiving end, as we have shown in this article,

resulting in a measure of signal reliability that is indepen-

dent of such contextual elements. This is, of course, an

easier task to accomplish using robots than using animals,

because the experimenter can directly access the robots’

sensory inputs. Technical advances in neuroscience and

molecular genetics should, however, enable similar

measurements of perceptual information in living organ-

isms [23–26], making quantitative measurements of

signal reliability possible in natural systems.
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