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Abstract

Exploration of an unknown environment is one of the major applications of Multi-Robot Sys-
tems. Many works have proposed multi-robot coordination algorithms to accomplish exploration
missions based on multi-agent systems techniques. Some of these works particularly focus on
multi-robot exploration under communication constraint. In this paper, we propose a solution
based on flocking rules in order to explore an open area while keeping robots close enough to
avoid disconnections. We show that the multi-robot coordination resulting from this approach is
effective and exhibits interesting properties compared to other works in the literature.
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1 INTRODUCTION & STATE OF THE ART

Multi-robot systems (MRS) consist in a set of autonomous mobile robots which collaborate to
perform a mission. This collaboration is allowed by communication abilities which usually rely
on radio communication technologies. For example, Mobile Ad Hoc Networks (MANET) are
frequently employed to support explicit communications in MRS: each robot becomes a node of
the network and is able to send, receive and relay data to other robots. In order to have an accurate
and efficient collaboration between robots, each node (robot) of the network has to be reachable at
each instant. This implies that, in addition to their collaborative task, the robots have to perform
an extra task which consists in maintaining the network connectivity.

One of the major applications of multi-robot systems is the exploration of an unknown envi-
ronment. It consists, for a fleet of robots, to navigate while incrementally constructing a map of
the environment. In this application, the robots have to collaborate:

* to spread out on the ground in order to speed up the exploration and use less energy,

* to keep in touch with each other in order to exchange partial maps and share areas that have
not been explored yet.

Therefore, a good collaboration scheme for multi-robot exploration has to conciliate these two
antagonist constraints.

The multi-robot exploration issue has been addressed in the literature using different ap-
proaches and has been originally initiated by two works: [6] and [11].
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In the Yamauchi’s approach [11], robots try to build and use a global map for the exploration.
The postulate of the Yamauchi’s work is the following: to speed up the exploration, robots have to
gain new information about the environment. Therefore, they have to move towards the boundary
between open space and unexplored area. In practice, Yamauchi describes some robots trying to
get closer to the boundary but without real cooperation with the rest of the fleet. Nevertheless,
this article states the concept of frontier-based exploration which has inspired many other works
including ours.

Main improvements of the Yamauchi’s approach have consisted in introducing coordination
between robots. This has firstly been performed in a centralized way. In [8], the authors propose
to assign a target destination to each robot in a way that maximizes the expected information
gain over time. As the computation of optimal solution is intractable in practice, they proposed a
heuristic based on bids construction. Each robot estimates the utility and the cost to travel towards
various locations. A central server receives all the bids and assigns a location target to each robot
taking into account possible overlaps in the coverage of the ground.

More recently, Rooker and Birk [5] also proposed a centralised coordination ensuring that,
during the exploration, no robot will loose the connection with the rest of the fleet. To achieve this
goal, a central entity collects the current positions of all the robots and generates a set of future
configurations for the fleet (i.e. the next possible positions of the robots). Due to the high number
of available combinations, all configurations can not be considered but only a limited number of
them. Among this number of generated configurations, the central entity chooses the best one
according to an utility function. This function gives penality when the evaluated future position
is occupied by an obstacle or when it puts the robot out of the communication range of all other
robots.

Clearly, centralized coordinations dedicated to frontier-based exploration seem difficult to em-
ploy in real applications. They are not fault tolerant since the entire system will fail whether the
central entity fails, or in case of disconnections. Moreover, when considering large scale MRS,
the use of a central entity which concentrates all data of the system accounts for a bottleneck in
term of decision computing and communication.

To avoid these drawbacks, some works have investigated multi-robot coordination in a dis-
tributed way. In [10], the authors propose an exploration algorithm based on selection of different
behaviors: avoiding obstacles, maintaining network connectivity, exploring around the frontier.
This selection takes into account the current network condition which is known by each robot
thanks to periodically exchanged messages. To achieve the connectivity of the network, each
robot analyses the topology of the network and makes distinction between a simple articulation
and a bridge. A simple articulation is a link whose disconnection does not imply the loss of
connectivity in the network. A bridge is a link whose disconnection creates two unconnected
sub-networks.

Many other works use multi-agent bidding algorithms to achieve multi-robot coordination. An
example of such an approach can be found in [7]. The authors introduce a bid calculation allowing
robots to find their best target locations. The bid calculation is based on a ponderated sum of three
elements: the potential information gain of the targeted location, its distance from the current
position of the robot and a nearness measure intended to characterize the ability of maintaining
communication links with other robots. To perform coordination, robots periodically broadcast
their best bids to all other robots within the same subnetwork. At the end of a constant time, the
robot who provides the best bid is declared as winner and is allowed to move towards the target.
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This process restarts for all the remaining robots.

Considering the multi-agent literature, speech acts or bidding algorithms are not the only
means to achieve coordination; and many other techniques could be most probably applied with
success to solve the multi-robot exploration issue. In this article, we propose an original way to
formalize and solve this issue based on flocking. Although the idea of flocking was already ap-
plied to multi-robots coordination [2], to our best knowledge, this is the first study about applying
flocking to the problem of exploration.

The reminder of this paper is organized as following. Section 2 provides a short summary of
flocking. Next, we expose in section 3 our proposal and explain how we integrate flocking and
exploration. Section 4 is dedicated to the validation of our proposal. We present our simulation
setup and analyze results we obtained. Last, section 5 concludes the paper and draws some future
works.

2 FLOCKING BASICS

Our proposal takes its inspiration from the work on flocking agents [3]. As introduced by
Craig Reynolds, a flock is a group of autonomous agents named boids that follow a path in an
organized manner. This organization is emerging from decisions taken locally by each boid based

on three simple steering rules (see figure 1):

* “Separation: steer to avoid crowding local flockmates
* Alignment: steer towards the average heading of local flockmates

* Cohesion: steer to move toward the average position of local flockmates'” [4]
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Figure 1: Flocking Relies on 3 Rules for Steering Individual Boids
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Each one of these rules participate to computing the velocity vector of a boid. That is, each
rule produces a velocity vector based on the velocity vectors of neighboring boids. The boid’s
actual velocity vector can simply be obtained by a weighted sum of the velocity vectors produced
by each steering rule.

'Mttp://www.red3d.com/cwr/boids/
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In order to achieve obstacle avoidance, an extra rule need to be introduced. This rule should
be of a higher priority as compared to the previous rules in order to avoid being cancelled out and
effectively prevent collisions. In other words, when an obstacle is detected, the boid’s velocity
vector need to be obtained from the obstacle avoidance rule. Other rules should be temporarily
dismissed.

3 ADAPTING FLOCKING TO MULTI-ROBOT EXPLORATION

3.1 Properties of our proposal

The first property of our solution is that it relies on a multi-robot system (MRS). The challenge
of multi-robot exploration is to maximize the exploration speed while minimizing the amount of
computational resources needed by each robot. Maximizing the exploration speed can be achieved
by minimizing exploration redundancies and maximizing the number of newly visited areas. That
is:

* asingle robot should minimize visits to areas already explored (by itself or by other robots)

* two robots should not explore the same area at the same time.

Communication is a prerequisite to address these requirements. Robots should be able to
share information about explored areas in order to coordinate. Robots network connectivity can
be continuous or intermittent.

The second property of our solution concern the maintenance of the robot network connec-
tivity. Robots maintain the network connectivity throughout the flocking rules for cohesion and
alignment. Therefore, robots can continuously share information they collect and thus have up to
date about explored areas. Still redundancies are minimized thanks to the flocking separation rule.

The third and last property of our proposal is that robots plan their motion to explore new
areas. Robot head towards the frontier between explored regions and unexplored ones, based on
the map built collectively. We reuse here the idea of frontier-based exploration [11].

3.2 Robots Steering Rules

Every robot is driven using the same set of rules provided in the ordered list below starting
with the rule of highest priority:

R1) Collision avoidance: Avoid collisions with obstacles or other robots.

R2) Separation: Turn away from robots within twice the sensors range.

(R1)
(R2)
(R3) Alignment: Turn towards the average heading of robots within the wireless network range.
(R4) Cohesion: Turn towards the average position of robots within the wireless network range.
(R5)

R5) Exploration: Turn towards the nearest frontier.

Rule R1 is of the highest priority to ensure the robot safety and recovery from disconnections.
In order to minimize exploration redundancy, rule 2 makes the robot turn away from robots that
are too close. The minimum distance between two robots is the sum of their respective sensors
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range. Making the assumption that robots are homogeneous, their sensors have the same range.
Thus, the minimum distance to avoid overlapping is twice the sensors range.

By keeping the robot heading close its neighbors headings, rule R3 avoids network discon-
nections. Thus, the robot is prevented from diverging to positions beyond its neighbors wireless
network range. Rule R4 also avoids network disconnections by ensuring that the robot will keep
close to most of its neighbors. We make here the assumption that the communication range is
wider than the range of sensors used for exploration. We also assume that the wireless antenna is
omnidirectional. Therefore, the orientation of a robot relative to its neighbors does not impact the
communication. Only the distance between robots matters.

Last, relying on frontier-based exploration [11], rule R5 makes the robot visit new areas.
Following Yamauchi’s proposal, the frontier is discretized into a collection of cells. Thus, rule 125
translates into heading towards the nearest frontier cell.

Rules R3, R4 and R5 are of equal priority. The three are applied when there is no collision,
and neighboring robots are far enough. A weighted combination of their respective influence
produces the robot heading change.

Note that in order to perform rules R2, R3, R4 and R5, every robot requires the distance
between itself and its neighbors. It also needs to know the heading of its neighbors. This is why,
besides collected information about explored areas (e.g. obstacles), every robot has to broadcast
its current position and heading repeatedly. The frequency of these broadcasts depends on the
robots speed and the dynamics of the environment in case of a changing environment.

4 SIMULATION AND VALIDATION
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Figure 2: Simulation of Flocking-Based Exploration with Netlogo

To evaluate the performance and the relevance of our approach, we have implemented the
exploration algorithm in NetLogo. NetLogo is a multi-agent programmable modeling environ-
ment [9] which allows to prototype quickly system of situated agents evolving in a two dimensions
world. The discretization of the world can be parametrized by users: the 2D environment can be
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either simulated as a grid or simulated as a continuous metric space.

In many works on multi-robot exploration, simulations are done with a grid like environment
where cells can be empty, occupied by a robot or an obstacle. For our evaluation, we have chosen
to simulate a continuous environment of 1083 x 477 pixels and robots with a size equal to 30
pixels (figure 2). Communication links between robots are represented by dot lines.

In our simulations, we have considered an environment with obstacles at random positions.
The same environment was reused for all simulations in order to exclude its impact on the multi-
robot systems performance. At the beginning of each simulation, the robots was initially in line
with a random heading. The distance between two neighboring robots was less than the com-
munication range in order to ensure the network connectivity on simulation startup. For each
simulation, we measured the average duration of the exploration over 30 runs. The number of
robots was changed at each simulation in order to observe the impact of the flock size on the
performance.
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Figure 3: Variation of the Exploration Duration

Figure 3 shows the variation of the exploration duration when the number of robots change.
We observe that larger flocks finish exploration faster. The diminution is steady even with a
large number of robots. In our simulations we experimented with up to 32 robots and noticed a
significant decrease of the amount of time required for an exploration. However, the downside
of flocking is an important amount of messages processed by each robot. Indeed, because each
robot need to keep track of its neighbors positions and heading, every robot broadcasts on every
decision step the information of its location and heading. In the worse case where every robot
is within the range of every other robot of the flock, each robot has to process n — 1 messages
at each decision step, where n is the total count off the robots within the flock. Nevertheless,
because of the separation rule ([22), this situation does not occur in practice only for small flocks
(see figure 4).

It worth noting that flocking does not totally forbid disconnections. According to the robots
positions relative to each other and to obstacles, the flock may divide. We found that this separa-
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Figure 4: Variation of the Number of Processed Messages per Robot

tion occurs more often with larger flocks than with smaller ones.

5 CONCLUSION AND FUTURE WORKS

This paper proposes the original idea of mixing flocking with frontier-based exploration strat-
egy in order to achieve multi-robot cooperative exploration while maintaining the network con-
nectivity. Flocking alignment and cohesion rules allow robots to stay close to each other which
contributes to keep the robots’ network connected. Still, thanks to the flocking separation rule,
robots keep away for each other resulting in a reduction of exploration redundancies. We intro-
duced frontier-based exploration as an extra rule that contributes to computing robots’ headings.
Therefore, it encourages robots to visit new regions.

Simulations we performed using NetLLogo exhibit interesting results. The exploration time
decreases when the number of robots grows. Yet there is still room for improving the proposed
solution. A first future work is related to disconnections that may still occur depending on the
obstacle shapes, robots relative positions or failures. We believe that there is no perfect solution
regarding connectivity maintenance. Instead, it is more realistic to study approaches for smoothly
recovering from disconnections. Besides, we can improve our proposal by taking into account
neighboring robots positions while avoiding obstacles in order to maximize connectivity mainte-
nance. For instance, when facing an obstacle, a robot should choose the direction where to turn
(i.e. left or right) in such a way to keep close to other robots.

A second important direction for future work consists in taking into account the impact of the
environment and actual sensors and actuators on the robot behavior. The environment may for
example reduce the wireless range. The sensors are subject to disturbance and noise, while actu-
ators can be of limited precision. In order to evaluate the validity and robustness of our proposal
regarding such imperfections we plan on the one hand to perform simulation on a more realistic
simulator, namely Player/Stage [1]. On the other hand, we will make experiments on a fleet of
four wheeled Wifibot robots with onboard computing resources equivalent to a smartphone, and
Wifi communication capabilities. Our first experiments with Wifibots shows that one of the major
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challenges concerns collecting accurate localization and heading data.
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