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Abstract

The distributed coordination and control of a set of autonomous mobile robots is a prob-
lem which has been extensively studied in several fields: engineering, artificial intelligence,
artificial life, robotics. In contrast with the common empirical approach used in these areas,
a new line of investigations has recently being proposed, which approaches the problem from
a distributed computing point of view. In this paper, we describe the current status of these
Investigations.

1 Introduction

The problem of controlling mobile robots that can freely move on a plane, with no central control,
is a problem widely studied in several fields, such as engineering and artificial intelligence. This
problem gained even more popularity in the last decade, when the interest shifted from studying
the control of single powerful units, to the design of set of simple units that were asked to coordinate
themselves in order to achieve a given task. Several reasons can be addressed to motivate this shift:
the advantages that can arise from a distributed and parallel solution to the given problems, such
as a faster computation; the ability to perform tasks which are unable to be executed by a single
agent {7, 16]; for fault tolerance considerations; the decreased cost through simpler individual
robot design. In a system consisting of a set of totally distributed agents the goal is generally to
exploit the multiplicity of the elements in the system so that the execution of a certain number of
predetermined tasks occurs in a coordinated and distributed way.

Generally, the problem of distributively coordinate a set of mobile units has been approached
mostly from an empirical point of view. Among the studies conducted in the engineering area, we
can cite the Cellular Robotic System (CEBOT) of Kawaguchi et al [13], the Swarm Intelligence
of Beni et al. (3], the Self-Assembly Machine ("fructum”) of Murata et al. [15], etc. A number of
remarkable studies has been done also in the Al community, eg., on social interaction leading to
group behavior by Matarié [14], on selfish behavior of cooperative robots in animal societies by
Parker [16], on primitive animal behavior in pattern formation by Balch and Arkin [2], to cite just
a few (see [4] for a survey).

In all these investigations, however, algorithmic aspects were somehow implicitly an issue, but
clearly not a major concern. An investigation with an algorithmic flavor has been undertaken
within the Al community by Durfee (8], who argues in favor of limiting the knowledge that an
intelligent robot must possess in order to be able to coordinate its behavior with others.

In our study, we approach the problem from a different perspective: from a distributed comput-
ing point of view. In other words, we aim to understand the relationship between the capabilities
of the robots and the solvability of the tasks they are given. In particular, we analyze the impact
of the knowledge of the environment: can the robots form an arbitrary geometric pattern if they
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share a compass? Can they gather in a point? Which information each robot must have about its
fellows in order for them to collectively achieve their goal?

The work of I. Suzuki et. al. (1, 19] is the closest, to our study (and, with this focus, a
rarity in the mobile robots literature). It approaches the algorithmic issues related to the pattern
formation for robots, under several assumptions on the power of the individual robot. Our model,
however, differs with respect to the assumptions on the robots capabilities (our approach is more
general, and, in our opinion, better models the way a set of asynchronous mabile robots interacts
in reality).

Since this investigation deals with the distributed control of a set of entities that have to
coordinate themselves in order to achieve a common goal, this study is also interesting for other
distributed systems. In fact, we study which problems these entities can achieve and under which
conditions; we design distributed algorithms that the entities concurrently and asynchronously
execute, and that let them to reach their common goal in finite time. In contrast with the
traditional approach, however, our entities can freely move on a plane, and not strictly on a
graph.

In Section 2 the formal definition of the model under study is presented. In Section 3 we
present some results related to problems that are generally analyzed when studying the control
and coordination of mobile robots. Finally, in Section 4 we draw some conclusions and present
suggestions for further study.

2  The CorDA Model

The robots we consider are 19, 11]: homogeneous (they all follow the same set of rules), autonomous
(there is no a priori central authority, and each robot’s computing capabilities are independent
from the others), asynchronous {there is no central clock, no a priori synchronization, no a priori
bounds on processing or motorial speed), mobile (the robots are allowed to move on a plane),
anonymous (they are a priori indistinguishable), oblivious (they do not explicitly remember the
past). Moreover, there are no explicit direct means of communication: the communication occurs
in a totally implicit manner, through the environment.

‘These assumptions make our robots simple and rather “weak” in light of current engineering
technology. But, as already noted, we are interested in approaching the problem from a computa-
tional point of view; it is precisely by assuming the “weakest” robots, that it is possible to analyze
the strengths and weaknesses of the distributed control.

Each robot has its own local view of the world. This view includes a local Cartesian coordinate
system with origin, unit of length, and the directions of two coordinate axes, identified as axis
and y axis, together with their orientations, identified as the positive and negative sides of the
axes. Notice, however, that the robots do not necessarily have the same handedness (chirality) of
the coordinate system (e.g., two robots can have their local y axis oriented in different directions),
making impossible for the robots to agree on directions or on distances; we say that the robots
have, in general, different local views of the world.

The robots observe the environment, compute a destination point based on their determin-
istic algorithm (all the robots share the same algorithm), and move; this is their only means of
communication and of expressing a decision that they have taken. More formally, each robot,
at any point in time, is in one of the following four states: Wait, Look, Compute, and Move. A
robot is initially in Wait; a robot, cannot stay infinitely idle. At any point in time, asynchronously
and independently from the other robots, the robot observes the world by activating its sensors
which will return a snapshot of the positions of all other robots with respect to its local coordi-
nate system: each robot is viewed as a point, hence the result of the Look is Jjust the set of their
coordinates. Two different models can arise depending on whether we assume that a robot can
see all the other robots in the system (called Unlimnited Visibility model) or that a robot can see
only the robots that are at most at some fixed distance from it (Limited Visibility model). After
having observed, the robot performs a local computation according to its deterministic algorithm.
‘The result of the computation is a destination point; if this point is the current location, the robot

186




stays still (null movement). Otherwise, the robot moves towards the computed destination; this
operation can terminate before the robot has reached it!. Moreover, the movement can not be
infinite, nor infinitesimally small (see Assumption A2 below). Finally, the robot goes back to the
Wait state. The sequence Wait - Look - Compute - Move will be called a computation cycle (or
briefly cycle) of a robot.

In the model, there are only two limiting assumptions about time and space. Namely, A1 The
amount of time required by a robot r to complete a computational cycle is neither infinite nor
infinitesimally small; and A2 The distance traveled by a robot r in a move is neither infinite nor
infinitesimally small: in particular, there exists an arbitrarily small constant 6, > 0, such that
if the destination point is closer than 8, 7 will reach it; otherwise, r will move towards it of at
least §,. As no other assumption on time exists, the resulting system is fully asynchronous and
the duration of each activity (or inactivity) is unpredictable. As a result, the robots do not have
a common notion of time, robots can be seen while moving, computations can be made based on
obsolete observations.

In all our algorithms, the robots do not need to remember data from previous observations;
that is, the algorithm they execute takes as input only the robots’ positions observed in the last
Look (hence, both the result of the computation and that of the Look will not be available to the
robot at its next computational cycle). We say that the algorithm is oblivious (similarly, we say
that the robots are oblivious).

The simplicity of the robots we model, allows us to formally highlight by an algorithmic and
computational viewpoint the minimal capabilities the agents must have in order to accomplish
basic tasks and produce interesting interactions. Furthermore, it allows us to understand better
the limitations of the distributed control in an environment inhabited by mobile agents. The main
motivations that prompted us to study the problem in this new perspective can be found in [10].

3 Main Results

As already mentioned, the work of I. Suzuki et al. is the closest to ours. There are, however, some
aspects that render our approach and theirs quite different. In particular, in {1, 19] instantaneous
action of the robots is modeled: every robots execute their cycle atomically. One consequence of
this approach, is that it is not possible to model different motorial and computational speed of
the robots. Moreover, a robot can not be seen while it is moving by robots that are observing.
This departure in the way the asynchronicity is modeled, leads to the fact that all the algorithmic
solution proposed in [1, 19] do not work, in general, in CORDA [18]. Moreover, let us denote by
€ and 3 the class of problem that are solvable in CORDA and in the model presented in [1, 19,
respectively. We have

Theorem 3.1 ([18]). ¢ C 3.

Hence, we studied in CORDA the problems that are commonly analyzed in robotics when
dealing with the coordination and control of a set of mobile robots. The results are reported in
the following sections.

3.1 Arbitrary Pattern Formation

In the Arbitrary Pattern Formation problem, the robots are given in input the same pattern,
described as a set of points {given by their Cartesian coordinates) in the plane (clearly, each
robots "sees” this pattern according to the direction and orientation of its local coordinate system).
They are required to form the pattern: at the end of the computation, the positions of the robots
coincide, in everybody’s local view, with the points of the pattern, where the input pattern may
be translated, rotated, scaled, and flipped into its mirror position in each local coordinate system.
Initially, the robots are in arbitrary positions, with the only requirement that no two robots be

'e.g. because of limits to the robot’s motorial autonomy.

187




in the same position, and that, of course, the number of points prescribed in the pattern and the
number of robots are the same,

Also I. Suzuki and M. Yamashita solve the same problem in their model [19], characterizing
what kind of patterns can be formed. But all their algorithms are non-oblivious; in fact, they
require the capability of the robots to remember the past, while ours are totally oblivious.

Theorem 3.2.

1. With common knowledge of (i.e., the robots agree on) both = and y directions and orienta-
tions, the robots can form an arbitrary given pattern [9].

2. With common knowledge on only one aris direction and orientation, the pattern formation
problem is unsolvable when n is even, while it can be solved if n is odd [9).

3. With common knowledge on only one azis direction and orientation, an even number of
robots can form only symmetric patterns that have at least one azis of symmetry not passing
through any vertez of the pattern [17].

4. With no common knowledge, the robots cannot form an arbitrary given pattern [9].

3.2 Gathering

In the gathering problem, the robots, initially placed in arbitrary positions, are required to gather
in a not predetermined point. In the unlimited visibility setting, one feature the robots must have
in order to solve this problem, is the ability to detect multiplicity, that is the ability to detect if
on a given point on the plane there is more than one robot [18] (recall that the robots are viewed
as points). In this setting, this problem presents several difficulties. One of the problems arises
from the difficulty to handle initial configurations where the n robots are placed on the n vertices
of a regular polygon. Since in general the robots can all have the same local view of the world,
no robot can deterministically be chosen to break the symmetry. If such a situation is forbidden
at the beginning, a deterministic algorithm can be provided [5]. The complete characterization is
still under study.

We solved, however, the gathering problem in the limited visibility setting, where the robots
can sense only the portion of the plane at distance V from them. In particular, our algorithm
requires that the robots agree on the direction and orientation of both the z and y axis (e.g., the
robots have a compass). A necessary condition to solve this problem, is that there is no robot
completely "isolated” from the others at the beginning of the computation. More formally, let C;
be the visibility area of a robot 7i. We define the wvisibility graph as follows:

Definition 3.1 (Visibility Graph). The visibility graph G = (N,E) is a graph whose node set
N is the set of the input robots and (riyr;) € E i r;€Ciandr, € C;, where r; and T; are 1wo
robots in their initia] positions.

We can state the following:
Lemma 3.1 ((11]). If the uisibility graph is disconnected, the problem is unsolvable.

Let Le ft and Right be the leftmost and rightmost vertical axis, respectively, where some robot
initially lie. The idea of the algorithm is to make the robots move towards Right, in such a way
that, after a finite number of steps, they will reach it and gather at the bottom most position
occupied by a robot at that time.
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Theorem 3.3 ([11]). There ezists a deterministic oblivious algorithm that let the robots gather in
one point in a finite number of movements, in the limited visibility setting and assuming common
knowledge on direction and orientation of both azes.

This same problem has been investigated also in [1], where the authors have presented a
procedure that let the robots converge to, but not reach, the point.

3.3 Flocking

In this problem, there are two kinds of robots in the environment: the leader L, and the followers.
The leader acts independently from the ot hiers, and we can assume that it is driven by an human
pilot. The followers are required to follow the leader wherever it goes, while keeping a formation
they are given in input (a formation is simply a pattern described as a set of points in the plane,
and all the robots have the same formation in input).

We analyzed the problem, assuming that the leaders have no agreement on the orientation
and direction of the  and y axis. Let us denote with vz and vy respectively the maximum linear
velocity of the leader and of the generic follower f, and with wy the maximum angular velocity of
L. The following theorem states the condition under which the followers can successfully follow
the leader.

Theorem 3.4 ([12]). In order for the formation to be kept in movement, it is necessary for the
leader to have wy - T + vy < ming vy.

We presented an oblivious algorithm that allows the robots to keep formations that are sym-
metric with respect to the direction of movement of L [12]. We tested our algorithm with computer
simulation. All our experiments demonstrated that the algorithm is well behaved, and in all cases
the followers were able to assume the desired formation and to maintain it while following the
leader ship along her route. Moreover, the obliviousness of the algorithm contributes to this
result, since the followers do not base their computation on past leader’s positions.

4  Conclusions and Discussion

The purpose of our study is to gain a better understanding of the power of the distributed control
of a set of mobile robots from an algorithmic point of view. We described a model, CORDA,
consisting of a set of autonomous, anonymous, memoryless, mobile robots - features that render
our robots “weak” - and we have outlined the current, status of the investigation.

There are many issues which merit further research. First, the open problems. The result of
Theorem 3.1 has been proven in the non-oblivious setting. In the oblivious setting, we only proved
in [18] that the algorithmic solutions of [1, 19] do not work in CORDA; hence, an open problem is
to formally understand the relationship between CORDA and the model in {1, 19] in the oblivious
case. Another open problem regards the design of an oblivious algorithm that can handle the
totally symrmetric initial configurations in the gathering problem.

Then, it would be interesting to look at models where robots have different features. For
instance, we could use a non-oblivious model, that is, one with an unlimited amount of memory
that each robot could use. Alternatively, we could equip the robots with just a bounded amount
of memory (semi-obliviousness), and see if this added “power” can be useful in solving problems
otherwise unsolvable, or if it could be used to design faster algorithm. We could add a dimension
to the robots, and stationary obstacles to the environment, thus adding the possibility of collision
between robots or between moving robots and obstacles. We could also explore robots that have
some kind of direct communication, and we could assume different kind of robots that move in
the environment (like in the flocking problem).

Relationship between memory and ability of the robots to complete given tasks, dimensional
tobots, obstacles in the environment, suggest that the algorithmic nature of distributed coordina-
tion of autonomous, mobile robots merits further investigation.
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