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Abstract

This paper introduces a new class of locally connected mobile automata networks where each node changes its
internal state vector depending on the information it receives from its neighbours. The configuration of the internal
states is then translated to the propulsive motion of network’s elements. The research aims (i) to investigate how
collective decision—making and processing can be achieved with a set of simple mobile agents and (ii) to implement
real—robot experiments with collectives of robots, communicating via wireless local area network (WLAN). This
paper demonstrates how a large number of agents form aline segment only using local information. The agents are
not allowed to communicate with more than two other agents at any time. The performance of the algorithms is
demonstrated by simulation.

1 Introduction

How do coherent global behaviours emerge from the collective activities of relatively simple
and locally interacting agents? Nature supplies us with many examples of animal societies which
collectively carry out complex tasks, exhibit synchronised motion and make decisions. Socia
insects such as ants, termites and bees display at the level of the colony a wide range of
behaviours, for example army ants organise impressive hunting raids. Colonies of socid insects
can provide the inspiration as natural prototypes for a self—organising robotic network (Bonabeau
et al, 1999).

Mehuish et al. (1998) were inspired by these natural systems and searched into the idea of
object sorting using minimalist robots and agorithms. They used stigmergy to achieve self-
organising behaviour in collectives of maobile robots. An alteration in the environment made by
one robot will influence subsequent behaviour of other robots. Agents solely use information
about their environment and can only communicate through the environment to achieve puck—
sorting. They don't rely on explicit inter—agent communication.

Emergent behaviour is not specified explicitly in any global control system but instead arises
from the interactions between robots, each executing local rules. Each agent in the collective
does not appear to be provided with a blue—print, an internal world model, of what the
construction should look like. Macroscopic structures are said to be a consequence of the
interaction between simple agents acting according to some simple rules (Bonabeau et al. 1999).
What are the salient ingredients required in the design of collective behaviour? Interna states and
sensor readings of neighbouring units could be used as input to the robot’s behaviour module.
This paper aims to mode a robotic system where each robot broadcasts its internal and external
states, its sensor readings, to its nearest neighbours.

Complex systems theory can provide an understanding of the dynamics of interacting agents.
Beni et al. (1991) phrase the problem of interaction as follows: "the essence of the DRS
(distributed robotic system) problemis to design a system that while composed of unintelligent
units, is capable, as a group to perform tasks requiring intelligence — the so—called 'swarm
intelligence’™.

Complex systems consist of a large number of entities which have strong interactions between



each other. Economies, biological cells, road systems, stock markets, cellular automata and
collectives of robots are all examples of complex systems. Self—organisation is often linked with
complex systems, the ideais that the basic elements somehow organise themselves into a higher
level units or structures. Cellular automata form aframework where problems, related to complex
systems, dynamics and computation, are successfully tackled. Many—body systems have been
successfully modelled using cellular automata theory such as gas models, traffic simulation etc.
(Chopard et al., 1998).

Cellular automata theory is subject of much current research but has been difficult to apply to
actual robotic systems. This research aims to preserve the key physical features of a robotic
system in the model. Beni et al. (1988, 1991) describe the concepts of cellular robotic systems
but their robotic system also retained the CA feature of discrete cellular space. This research
attempts to model a network of locally connected robots more redisticaly. The feature of
discrete cellular space is abandoned and our concentration is focused on the loca interactions
between robots using explicit communication.

A mobile automata network may be seen as a set of elementary processing units, where every
unit moves in a physica two— or three-dimensional space. Each processor is capable of
communicating with a limited number of other processors on a local basis. The number of
neighbours of any processor in the network is several orders less than the total number of
processors in the network. Each agent, or processor, takes afew interna states and externa states
and computes what action to take from this local information. Restricted memory of the
processors and diffusion—like information transfer are essential features of mobile excitable
networks (Adamatzky and Holland, 1998) (Adamatzky and Melhuish, 2000). The problem of
coherent activity of mobile units would benefit a wide range of disciplines and may prove to be
particularly important in the design of future distributed robot systems which employ eectro—
activated polymers (Kennedy et al, 2001).

Additionally, we define the connectivity C of the overall network as the number of edges, or
communication links. For n robots C lies in the interval 0<C<Yzn(n—-1). By alowing each robot
to communicate only with at most two other robots means that the total number of connectionsis
kept to a minimum and therefore networks of locally connected robots are more attractive from
an engineering point of view. Limiting robots to two communication links means that the
connectivity C will liein the interval 0<C<n for such systems.

The next section gives a formal description of the framework used in this paper. Section 3
presents some experimental results and developed algorithms. Section 4 discusses the model and
results of the experiments from an roboticist’s point of view. Section 5 presents the ultimate goal
of thiswork.

2 M obile automata networks

One-dimensiona cellular automata (CA) are perhaps the simplest examples of decentralised,
spatialy extended systems in which computation can be observed. The CA rule states how each
cell is updated according to the states of its neighbourhood. A neighbourhood consists of a cell
and itsradius r neighbours on either side. (Chopard et al., 1998, Adamatzky, 1994).

This basic feature of neighbourhood in automata models is used to build robot systems capable
of self—organisation. State and motion updates of every agent are directly coupled to signals and
information received from other robots. Updates purely made according to the states of the
neighbourhood are clearly insufficient in an attempt to model mobile automata networks. Robots
need sensors to enable them to perceive their environment. According to (Beni 1988) robots are
entities that are capable of processing matter and information. Beni defines the capability of
processing matter as the capability of transferring matter, either their own (via locomotion) or of
other objects (via manipulation) or both.

Let us now define a framework in which we may be able to apply ideas and methods used in
cellular automata theory and complex systems theory in general.



M odel

A mobile automata network is atuple <G, Q, W, P, u, f, g, h>, where G is a regular graph,
G=<X, E>, in which X is a set of nodes, E is a set of edges and [X|=n is the number of agents
(Adamatzky, 1994). Each node of the network is connected with k nodes, possibly including the

node itself, determined by a connection template, or a neighbourhood, u: X — XX The nodes
update their states simultaneously in discrete time, depending on the states of their neighbours,
by the following functions: node state-transition function f: Q< - Q, state-to-velocity

transformation g: Q — W, and collision function h: P — P. Nodes of the network update their
states depending on the states of their neighbours using the function f. This function can be
represented by various techniques, for example, via arithmetical operators if elements of Q are
arithmetical numbers or lookup tables. However, in this paper the functions are represented by
if—then notations.

Elements of the set Q are called internal states and are typical automata states, e.g. Symbols or
integers. The elements of the sets W and P are referred to as externa states, W is a set of vectors
and the elements of P are the positions of network nodes in space. At each step of the simulation,
the internal state of a node is trandated to its velocity vector. The velocity vector is modified by
the collision function to reflect the realms of the physical world.

Every node in the network should be able to detect obstacles in space. Automata models only
process information, this is clearly insufficient since a maobile robotic system must also process
environmenta cues as an essential function of the system. Beni (1988) speaks of the ahility of
robotic systems to process matter. To alow model to detect obstacles in space, we simply add an
additional set | of input states and modify the node state-to—velocity transition function as
follows: g: Q x I - W. The function h and the set P have been included to facilitate the
implementation of a simulation but would become redundant and inapplicable in a real—robot
implementation.

Constructing logical systems and diffusion—like information transfer alows computation in
such networks. In an attempt to understand the principles of structure formation in collectives of
minimalistic mobile agents, a simulation of this modd has been written in order to test this
framework.

3 Simulation experiments

The purpose of these experiments is to investigate the possibilities of controlling a collective of
mobile agents in the framework of mobile automata networks. The experiments have al been
carried out in simulation and are designed to test the model and the developed agorithms.

Experimental scenario and assumptions : an agent can sense the relative direction of the signals
of the neighbouring agents. An approximate distance can aso be obtained from these signas. In
the simulation some noise has been added to the true positions of the neighbouring agents. The
problem of structure formation can be regarded as a search for the mapping between the agents
simple stimulus—-response rule-sets of local actions based on the local sensor information and the
resulting structure formation.

The ingpiration for the first experiment came from an article describing the ancient Roman
surveying tool groma, used by groups of surveyors to dign themselves into a straight line
between two cities. The point being that each group of surveyors could only detect the two
neighbouring groups. However, from this local sensing a straight line was created (BBC, 2001).
Although in the first three experiments no explicit information is exchanged between robots,
information about relative direction and distance to neighbours is obtained from the received
signals. The agent’s motion is calculated from simple, geometric rel ationships between the agent
and its neighbours. A typica vector update can be seen in figure 1(a). The agent’s sense of
direction is shown in figure 1(b).
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Figure 1 : vector update

Every agent can sense the relative origin of the signals received from the two neighbours. For
example, if signals are perceived to come out of directions 3 and 5, the agent choosesto move in
direction 4.

Different approaches to spatial self—organisation have been proposed (Unsal 1993, Sugihara and
Suzuki 1990) but the approach discussed in this paper differs in so far that we only use local
information. Melhuish (2000) introduced the term autostruosis in an attempt to clarify the
vocabulary of construction, which includes terms such as self—organisation, self—assembly,
emergence and autopoesis, illustrating that constructions can be made from robot bodies.

Experiment 1

In this first experiment, the neighbourhood of the processor is fixed and set by a non—physical
communication graph, the agents will only be allowed to communicate with two other robots.
The agents try to form an angle of 180 degrees whilst trying to maneouvre themselves between
their neighbours. The rule set is minimalist:

Move between the two neighbours always trying to achieve an angle of 180 degrees.
Move towards neighbour that is furthest away.

The possibility of losing communication capabilities is disregarded and the communication
range is unlimited. Furthermore, two agents are immabilised, serving as the two end points of a
line segment, represented by the large dots in figures 2(a—d). The agents’ starting positions are
chosen at random. The Figures 2(a) and 2(d) show the agent’s starting and end positions
respectively. Figures 2(b) and 2(c) show intermediate stages of the experiment. The lines in the
figures describe the communication links between robots. As the communication graph is fixed,
each neighbour is communicating with its topologica neighbours.
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Figure 2 (a—d) : Line formation between two fixed end points
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Graph 1 : Mean Euclidean distance error

As seen, 10 agents successfully align themselves between the two fixed end points. The second
rule alows the agents to position themselves at equal distance from their two neighbours. Several
repetitions of this experiment have shown that the agents will distribute themselves equally—
spaced between the two end points. The distance between robots is approximating d/(n—1) where
d is the distance between the two end—points and n is the total number of agents, including the
two end-points. It seems that the line formation is a fixed point attractor in the space-time
dynamics of the system. Graph 1 shows the mean error in the Euclidean distance between the
expected positions and the true positions of all agents. However, no conclusive statement can be
made as only five runs for each population size were carried out. A complete statistical anaysis
of the results of this experiment are in preparation.



Experiment 2
Can locally interacting agents form a line in free space when the two end points are not fixed?
Again, two agents are chosen to act as end points but are allowed to move in space. These two

agents try to maintain a distance d from their neighbours.

If agent has two neighbours:

Move between the two neighbours always trying to achieve an angle of 180 degrees.

Move towards neighbour that is furthest away.

If agent has only one neighbour:

/I Move within a certain distance to your neighbour and keep that distance.

if(distance< threshol d)

dse

move away from neighbour

=0

move closer.

Figures 3 (a—d) show the line formation with two freely moving end points.
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Figure 3 (a—d) : Line formation between two free moving agents

The line segment is dynamically stretched in order to include all agents. In the previous
experiment, the agents distributed themselves uniformly between the fixed end points. During



this experiment inter—robot distances approximated the distance the outer agents tried to maintain
from their neighbours.

Experiment 3

The fixed neighbourhood set by the non—physical communication is removed in order to model
amore redlistic scenario. The agents build up communication links, two a maximum, according
to physical proximity. We assume that the agents communication range is limited and that
communication links cannot be uphold over large distances. As in the previous experiments, the
agents are randomly positioned in an enclosed environment at the start. The same rules as in the
previous experiment apply. Figures 4 (a—b) show the formation of several smaller lines. The
agents very quickly build up communication links with their nearest neighbours and the
formation of several small sub—networks can be observed. Some agents form ring—like networks
and fail to form line segments. The next experiment aims to control the line formation using
simple diffusion—like information transfer.
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Figure 4 (a—b) : Formation of smaller line segments

Experiment 4

The setup for this experiment is somewhat different. This experiment looks into the possibility
of forming more complex structures using diffusion—like information transfer within a mobile
automata network. The agents are randomly placed into the environment and one agent starts to
recruit other agents in order to form aline structure. Every agent holds two integer variables: a
counter and the total number of agents in the network. Every time another agent connects to the
recruiting agent, the newly connected agent takes the neighbour’s counter value, increments and
stores the result as the total humber of agents. The agent that has only one neighbour and a
higher counter value than its neighbour becomes the recruiting agent. For example, if the total
number of agents recruited equals 9, the recruitment process is stopped. The information stored
by the agents alows to assign a new task to a single agent. Figure 5(c) shows the newly selected
robot, now represented by the large dot, which tries to position itself so that it and its
nei ghbouring agents form an angle of 90 degrees.

If agent has two neighbours:
Move between the two neighbours always trying to achieve an angle of 180 degrees.
Move towards neighbour that is furthest away.
Read total variables of neighbouring agents, choose highest, store the result.

If agent has only one neighbour:



/I Move within a certain distance to your neighbour and keep that distance.
if(distance<threshold)
move away from neighbour
ese
move closer.
If agent i connects to the recruiting agent |
counter (i)=counter (j)+ 1;
total (i)=counter (i);
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Figure 5 (a—d) : amore complex structure

A large number of agents was dispatched in order to quickly build up a line formation. These
simple rules assure that every agent knows how many agents are currently recruited in the
construction process. Once the line has the required length, the agent closest to the mid—point of
the line is chosen and starts to move away from its neighbours, pulling the robot chain until the
angle is approximating 90 degrees. However, no precautions to avoid failure due to broken
communication links were taken when designing this algorithm.



4 Discussion

In this paper we have shown that locally connected agents can form simple structures and more
complex structures through diffusion—like information transfer enabling counting. The first two
experiments have shown that a number of agents can form a line segment purely based on loca
information. With regards to experiment 4, a serial strategy may yield the possibility of
constructing more complex structures such as squares, spirals, etc. Instead of first forming aline,
agents could move directly into the required position once they connect and before recruiting
new agents. Experiments implementing such an end—active approach to structure formation arein
preparation as well as a statistical analysis of the results obtained so far.

CAs update their states synchronously and in discrete time steps. The development of this
model requires the solution to theoretical problems such as synchronicity. It is unreasonable to
assume synchronicity from a distributed, decentralised robotics point of view. However, no
failure occurred in the experiments when synchronicity was disregarded.

The framework presented in this paper is very general and may be applied to many different
phenomena, such as velocity matching in swarms, distributed sensing scenarios, processing etc.
A more thorough investigation into the space-time dynamics and phenomenology of this newly
defined model will be necessary.

5 Future work

How robust is such a system to different sorts of failure? Individua failure? Communication
failure? Can such a system exhibit graceful degradation with increasing failure of individua
agents? Algorithms to assure and increase the robustness of the system will be developed. An ad
hoc network is a collection of wireless mobile hosts forming a temporary network without the aid
of any centralised administration. As seen in the experiments, thisis a highly likely scenario in
mobile automata networks, therefore routing protocols in ad hoc networks may turn out to be an
important tool in transferring information in such networks (Johnson 1994).

Ultimately, this research aims to verify the simulation results with a set of rea-robot
experiments. A comparison between the real —robot experiments and the simulation will allow the
evaluation of the effects of noise and interference. These experiments will be implemented on a
reasonably large population of LinuxBots, robots compromising embedded PC-compatible
controllers, wirdless LAN technology and the Linux operating system.
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