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Abstract. In swarm robotics, it is crucial for swarm members to reach
a consensus on a single option from a set of alternatives to complete
complex tasks autonomously. Typically, individual mechanisms under-
pinning such collective behaviour are designed using either hand-coded
or automatic approaches. In this paper, We aim to compare the perfor-
mance of robotic swarms controlled by mechanisms designed using both
types of techniques in a site-selection task. The evaluated hand-coded
mechanisms are based on the voter model and majority rule, while the
automatic design approach involves an evolved dynamic neural network
mechanism. The evaluation is conducted in a simulated environment
that represents different operating conditions and swarm sizes. The cen-
tral hypothesis of this study is that evolved neural control in swarm
robotics may lead to better behavioural responses, including more ac-
curate decision-making and increased resilience to varying environments
and group sizes, compared to traditional hand-coded approaches.

1 Introduction

In swarm robotics, collective behaviour is a global response arising, through a
self-organisation process, from the local interaction of multiple simple agents
with their physical and social environment. This emergent behaviour allows
robotic swarms to achieve complex tasks beyond the capabilities of individ-
ual robots. While self-organisation offers undeniable advantages for designing
adaptive and resilient systems, its inherent unpredictability and decentralised
nature pose significant hurdles for system engineers [2]. To address the design
problem, researchers have investigated a variety of controller design approaches,
such as hand-coded and automatic design techniques. Hand-coded mechanisms
produce behavioural strategies that can be easily described in operational terms.
However, their capability to adapt to different sources of variability tends to be
limited to the circumstances clearly predicted by the designer, which leaves the
robots potentially unprepared to tackle unexpected events encountered in real-
world settings [2]. In contrast, evolutionary robotics (ER), an automatic design
strategy, employs evolutionary computation techniques to develop controllers
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based on artificial neural networks [6]. The primary advantage of ER lies in its use
of evaluation functions that prioritise the performance of the swarm as a whole
over the behaviour of individual robots. This approach allows for an automated
design process that is adaptable to the specific requirements, however poses
challenges for the analysis and the interpretation of such controllers [SI5J4ITT].

Collective decision-making, one of the most studied collective behaviours
in swarm robotics, refers to a decision problem in which natural or artificial
agents collectively make a choice among two or more alternatives, with the fi-
nal decision being a group outcome rather than an individual one [12]. Within
the domain of collective decision-making, robot swarms demonstrated two fun-
damental abilities: task allocation and consensus achievement. Task allocation
involves improving overall performance by splitting the swarm into subgroups
focused on different tasks. While consensus achievement allows the swarm to
adopt the same opinion about different options. The individual opinion forma-
tion process is influenced by direct sampling of the physical environment and
by social interaction based on local communication. This paper is focused on
consensus achievement in the site selection task.

To date, site selection research is based predominantly on hand-coded strate-
gies. [I5] studies a binary site-selection task using the voter model, which makes a
robot switch to the opinion of a randomly chosen spatially close neighbour. [T4J13]
explore the majority rule, which makes a robot switch to the most frequent
opinion among n spatially close neighbours. In these studies, robots alternate
between exploring options and disseminating their current opinion for a time
proportional to the option’s quality. This modulation of the dissemination time
is the main factor driving consensus achievement on the best quality option.
Related research [7J3] on a binary site selection scenario investigates the effect of
different opinion formation strategies on the decision dynamics. [I0] explores the
relationship between the maximum communication distance and the accuracy of
the collective decision-making process in dynamic environments with three sites
of different quality using the voter model with cross-inhibition, where conflicting
information leads robots to reset their opinions and seek others.

Diverging from the previous body of research, a recent study demonstrates
the potential of evolved dynamic neural networks as a more flexible and adapt-
able alternative for site selection [I]. By leveraging evolutionary computation
techniques, the authors synthesised controllers enabling robotic swarms to ef-
fectively solve a ternary site selection task, without explicit assumptions on
individual responses or group dynamics. The proposed approach does not as-
sume a correlation between environmental features and robot behaviour, such
as the positive correlation between option quality and dissemination time used
in [TBITAUT3I7I3] or between option quality and the frequency of the individual’s
opinion update process used in [I0/9]. Furthermore, this work avoids built-in
assumptions on how robots process perceptual cues and communication signals
to form their opinions, as seen in the voter or majority models. Instead, the evo-
lutionary process develops individual mechanisms for integrating these signals
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Fig. 1. a) The site-selection scenario with nest and three sites — L, M, and S [1]. b)
The position of each site in the three experimental conditions [I].

and creating the necessary relationships for generating modulations that break
the initial equilibrium and push the group toward consensus on the best option.

The present study aims to replicate the site selection scenario illustrated
in [, in order to conduct a comprehensive comparative analysis of swarm per-
formance under two distinct control paradigms: hand-coded mechanisms based
on the voter model and the majority rule and evolved dynamic neural networks
as described in [I]. The evaluation of these approaches across a range of operat-
ing conditions and swarm sizes aims to provide deeper insights into their relative
strengths and weaknesses, eventually contributing to the development of more
effective and adaptable collective decision-making strategies for robotic swarms.

2 Methods

We employ a simulated environment that closely replicates the site-selection sce-
nario described in [I], in which 21 robots pseudo-randomly explore square arena
of 2m X 2m while avoiding collisions. The scenario features three sites (large
(L), medium (M), and small (S)) with varying white floor proportions (80%,
50%, and 20% respectively) and a nest (see Fig. ) The swarm is evaluated in
three experimental conditions (Cond_1, Cond-2, Cond-3) that differ in the posi-
tion of the best quality site (see Fig. [Ip). The task of the swarm is to determine
which position hosts the highest quality site in all three conditions.

In both, hand-coded and neural network-controlled swarms, the development
of individual opinions and the subsequent decision-making process follow a sim-
ilar structure. The robots alternate between two phases: i) exploration phase, in
which the robots perceive the cue signalling the respective site’s quality, but they
cannot communicate; and ii) dissemination phase, in which they are allowed to
communicate their respective opinions on the best quality site to spatially close
robots, but they cannot sample the site’s quality. At the end of the dissemina-
tion state, each robot updates its opinion using either the VM or MM for the
swarms controlled by hand-coded mechanism or the neural network controller
for the swarm controlled by evolved mechanism. Finally, each robot moves to
the exploration state that corresponds to its new opinion (see Fig. 2b).
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Fig. 2. (a) The decision module made of a dynamic neural network [I]. (b) The prob-
abilistic finite-state machine. E_Pos 1, E_Pos 2, E_Pos 3, D_Pos 1, D_Pos 2 and D_Pos
3 represent the exploration and the dissemination state, respectively. Solid lines repre-
sent deterministic transitions, while dotted lines represent stochastic transitions.

The main differences between hand-coded mechanisms (VM and MM) and
the evolved neural network are in the dissemination time and opinion update
mechanisms. In VM and MM, the dissemination time is directly proportional to
the robot’s estimate of site quality, promoting robots with higher site quality to
propagate their opinions for longer duration. Following hand-coded mechanisms,
the robots update their opinions based only on social information received from
their neighbours. In the VM, this involves adopting a random neighbour’s opin-
ion, while in the MM, it involves adopting the majority opinion. Conversely, the
evolved neural network does not impose a direct relationship between quality
estimation and dissemination time. Instead, during the evolution phase, the net-
work learns how to use the environmental bias among the available options to
create both the indirect feedback modulation and opinion update mechanism
needed to complete the task. This is done through a complex interaction of
sensory inputs and communication signals.

As described in [I], the evolved dynamic neural network controller consists
of a three-layer architecture with a fully recurrent hidden layer. The input layer
receives sensory data (floor colour and communication signals), while the output
layer generates the robot’s opinion (see Fig. [lp). The network weights, biases,
and decay constants are genetically encoded and optimised through a simple
tournament selection evolutionary algorithm.

3 Conclusions

We will present the insights of a comparative analysis of two types of decision-
making mechanisms: hand-coded, based on the voter model and majority rule
and evolved, using a dynamic neural network [I]. The experimental task is the
site selection, illustrated in [I] and described in section |2} The comparisons
are based on performance criteria, such as accuracy and consensus time. The
study evaluates the robustness to environmental variability and the scalability
of solutions in a range of conditions.
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