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Abstract — In this paper, it is presented the significance and the advantages of co-
operation in the different societies making the analogy in the concept of robot socie-

1.
In order to compare the advantages of cooperative robots over a single robot, it is
considered essential the development of computational simulation based on the ro-
botic cooperation in unstructured environments. It is implemented a Multi-Robot Si-
multaneous Localization and Mapping (SLAM) using Rao-Blackwellized particle fil-
ter [1] in a simulation environment developed in the Player / Stage platform for ro-
bot and sensor applications.
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1 Introduction

The concept of robot society soon appeared showing the inherent advantages when com-
paring to single solutions [2]. Since societies are formed as collaborative structures to
execute tasks which are not possible or are difficult for individuals alone, having societies
formed by robots would bring at least two advantages: fault tolerance and parallelism.

At first glance, having multiple robots performing a task or a set of common tasks may
seem more problematical (and challenging) than useful. Why not use a single and com-
plex robot capable of performing all these tasks?
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The answer is all around us in nature. Much of the work developed in the area of coop-
erative robots mention biological systems as a source of inspiration. The collective beha-
vior of ants, bees, birds and other similar societies provide strong evidence that systems
composed of simple agents can perform complex tasks in the real world. The robustness
and adaptability of biological systems represent a powerful motivation to replicate these
mechanisms in an attempt to generate software and hardware with features comparable to
those of biological systems. These and many other reasons will be addressed in this study
showing the benefits of cooperative robots over a single robot.

Cooperative robots, or Multi-Robot Systems (MRS), describe the situation in which a
group of robots get an overall benefit. A first key issue in cooperation is whether robots
should be identical (homogeneous groups) or different (heterogeneous grouping) and if
the efficiency should come into consideration for the performance of the whole group or
only to each individual robot. This kind of cooperation in robotics can vary from having
only two robots to perform a simple task together (e.g., two industrial arms manipulating
a large object) [3] to a group of heterogeneous robotic agents that can connect and form a
more complex structure [4]. More recently, some studies have been focused interest in
MRS incorporating algorithms of localization and mapping [5] thus enjoying all the ad-
vantages of the cooperation between robots.

Many applications in robotics, such as search and rescue, surveillance, exploration,
among others, require the exact location in unknown environments. When robots are op-
erating in unstructured environments, in order to obtain their exact location, we need to
create and analyze the map of the environment. The concept of robot society will show us
the improvements of systems that require robots to operate in unstructured environment.

Section two highlights the importance of cooperation in societies. In section three we
present the state of the art in the area of robotics, focusing on cooperation and sociologi-
cal systems. Section four gives a brief survey of Simultaneous Localization and Mapping
(SLAM) applied to single robots and multiple robots and in order to demonstrate the ad-
vantages of cooperative robots over a single robot, a Multi-Robot SLAM algorithm in-
spired in the work of Andrew Howard [1] is implemented in section five using the Player
/ Stage platform for robot and sensor applications. Finally, in section six outlines the
main conclusions.

2 Cooperative Systems

Thousands of years ago, the King Solomon, who was a student of the nature, observed the
humble ant, and wrote: “Go to the ant, you sluggard; consider its ways and be wise! It has
no commander, no overseer or ruler, yet it stores its provisions in summer and gathers its
food at harvest.” [6]. In fact the ants are a perfect example of cooperation, diligence and
order. In addition to work together and help each others, the ants seem to be able to find
their paths (the nest to a food source and back or just getting around an obstacle) with
relative ease, despite being virtually blind. Several studies have found that in many cases
this capacity is the result of the interaction of chemical communication between ants (for
a substance called pheromone) and emergent phenomena caused by the presence of many
ants. This is the concept of stigmergy [7]. This mechanism is so efficient that there are
algorithms that use this principle as is the case of the heuristic principle Ant System that
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simulates the behavior of a group of ants that work together to solve an optimization
problem using a simple communications [8] and the case of Brood Sorting (group selec-
tion) used in swarms of robots [9].

Another very similar principle can be seen in other optimization algorithms such as ge-
netic algorithms, evolutionary strategies and the well known PSO (Particle Swarm Opti-
mization) initially proposed by Kennedy and Ebarhart [10], based on the behavior of so-
cial organisms such as birds or fishes. On cooperation and competition among the poten-
tial solutions, the optimal complex problems can be achieved more quickly. In PSO algo-
rithms each individual of the population is called a particle and the position of these indi-
viduals is modified over time. Thus, the particles wander through the multidimensional
search space. Along the way, each particle adjusts its position according to their expe-
rience and the experience of the other members of the population, taking advantage of the
best position of each particle and the best position of the whole group.

Suppose the following scenario: a group of birds are randomly looking for food in an
area where there is only one type of food. Although birds don’t know where the food is,
they know how close to the food they are at each iteration. So what is the best strategy to
find the food? The most efficient one is to follow the bird that is closer to the food.

The PSO has been successfully used in many applications such as robotics [11][12]
[13] and electrical systems [14].

Another interesting engineering example based on biological cooperation is reflected in
the flight of pelicans. Researchers discover that the pelicans that fly in formation earn
extra boost when compared to the ones flying forward, resulting in a 15% reduction in the
heart rate. In order to validate this concept, a group of engineers prepared a flight test
with electronic equipment that enabled the pilot to keep the plane at a distance of 90 me-
ters (with a small tolerance of 30 centimeters) over the plane that was ahead. What was
the outcome? The plane suffered an air resistance 20% lower and it consumed 18% less
fuel. These results can be used on military or civilian planes, but also in the concept of
robotics to improve the dynamics of flying robots to monitor forest fires [15] or biologi-
cally inspired robots for spying [16].

However, when we speak about cooperation we should say Cooperative Systems. The
cooperation is just one of the indispensable tools for the Cooperative Systems since with-
out the collaboration between different members of a particular group or society Coopera-
tive Systems cannot survive. On the other hand, to cooperate, the communication is es-
sential between group members and this communication must be familiar to all of them.
The coordination also plays an important tool in cooperative systems, since it organizes
the group to prevent that communication and cooperation efforts are lost and that tasks
are performed in the correct order, at the correct time and meeting the constraints and
objectives.

The Cooperative Systems has been studied in several areas including computer science
[17] and [18] and robotics [19], [20] and [5].

Inspired by the results of the existing cooperation in various societies (e,g., ants, bees,
plants, humans), researchers have placed a great emphasis on developing robots that can
cooperate with each other and perform multiple tasks.

The Cooperative Multi-Robot Systems (CMRS) are based on the interception of the con-
tribution of each member (i.e., robot): if we have a group of robots cooperating to per-
form a given task, they need to communicate with each other in order to coordinate their
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actions and obtain the desired result. This concept offers a countless number of advantag-
es similar to the benefits of Cooperative Systems in other societies that may be described
in the following key factor: time. One way to circumvent the limitations inherent to the
concept of time is to perform simultaneous procedures: if we have multiple robots instead
of one they can act on multiple places at the same time (spatial distribution) and they can
perform multiple tasks simultaneously (temporal distribution).

3 Multi-Robot SLAM

The search for a solution to the SLAM problem has been one of the notable successes of the
robotics community over the past decade. The SLAM has been formulated and solved as a
theoretical problem in a number of different forms being implemented in a number of dif-
ferent domains from indoor robots to outdoor, underwater, and airborne systems.

Basically, SLAM is a process by which a mobile robot can build a map of an environment
and at the same time use this map to deduce its location. So, in a probabilistic form, the
SLAM problem requires that the probability distribution (1) be computed for all times k.

P(xk,m I ZO:k ) UO:k le) (1)

This probability distribution describes the joint posterior density of the landmark loca-
tions and vehicle state (at time k) given the recorded observations and control inputs up to
and including time k together with the initial state of the vehicle.

The SLAM approach for a single robot began to receive attention in 1990 [21]. The ma-
jority of the solutions to the SLAM problem are based on the implementation of the ex-
tended Kalman filter (EKF) that correlates the pose estimation relative to different land-
marks [22] [23].

Although the EKF is one of the most effective approaches for map estimation, [24]
proved that the FastSLAM performance was substantially higher than those obtained by the
EKF'. The FastSLAM algorithm was used for the construction of indoor maps in [25] and
[26]. They used an algorithm based on occupancy grids in order to build a metric map of
the environment.

A variant of the FastSLAM was proposed [27] combining the Rao-Blackwellized particle
filter (RBPF) for samples of the trajectory of the robot and an EKF to represent the map.
This algorithm contains many elements of the standard Monte-Carlo localization algorithm
[28]. The challenge lies in maximizing the per-particle update speed while minimizing the
corresponding storage requirements, so that the filter may run in real time and in bounded
memory with a relatively large number of particles. As always, the speed and storage de-
mands tend to conflict, and our implementation favors the former over the latter.

Based on the previous single robot SLAM algorithm Andrew Howard developed a similar
algorithm applied to multiple robots [1].

This algorithm has two important elements:

1. robots are able to detect, identify and measure the relative pose of other robots at
some time during the exploration task (when those robots are both nearby and with-
in line-of-sight, for example). Such encounters allow robots to fuse their subsequent
observations into a common map, using the measured relative pose to initialize the
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filter (note, however, that only the first such encounter is used; subsequent encoun-
ters between robots are ignored);

2. the particle-filter based SLAM algorithm supports time-reversed updates; this gene-
ralization allows robots to incorporate observations that occurred prior to the first
encounter, by treating those observations as if they came from additional “virtual”
robots travelling backwards in time.

As an illustration, consider the following example: two robots are exploring an environ-
ment from distant and unknown initial locations. When robots encounter one another they
measure their relative pose constructing a filter in which robot 1 has an initial pose of zero,
and robot 2 has the measured relative pose. Subsequent measurements from the two robots
are fed to the filter, and thereby fused into a common map. At the same time, two virtual
robots are added to the filter with poses initialized as above where the previously recorded
measurements are fed to the filter in reverse time-order, such that these virtual robots ap-
pear to be driving backwards through the environment. Thus, the filter incrementally fuses
data from both robots, recorded both before and after the encounter, into a single map.

Let AZ denote the relative pose of robot 2 as measured by robot 1 at time s. We wish to
estimate the posterior over maps and trajectories given by:

1,2 11 1,2 2 2y —
DXLt Xsy1ie M| Z1o , UDe—1 X0 Zs4 120 » Usie—1, AF) =
1,1 2 2
p(m | X1, 21 » X412 0 Z541:t) ()
1 11 1 2 2 2 1 A2
(e | 21 Ugie—1,%0)P (X511 | Zsh1ie s USie—1 5 X5, AF)
where x{., and x2,,., denotes a sequence of robot 1 and 2 poses at times 1; 2; ... ; ¢, and

s+1; s+2; ... ; t, respectively. z;., and zZ2, ., denotes the corresponding sequence of obser-
vations, and u}.,_, and uZ,_; denotes the sequence of actions executed by the robots

(Fig. 1).

Figure 1: Bayes net for multi-robot SLAM with unknown initial poses. The robots first encounter
one another at time s, recording the relative pose AZ.
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This algorithm has number of attractive features. First, it is able to fuse all data from all
robots into a single map, without knowing the initial robot poses. Second, it inherits the
bounded-time, bounded-memory properties of the single robot SLAM algorithm (CPU and
memory requirements do not increase with path length). Third and finally, the algorithm
is fast: our implementation can fuse data from two robots in real time. Collectively, these
features make the algorithm highly suitable for on-line, in-the-loop applications, such as
multi-robot exploration and search tasks.

4 Experimental Results

In order to demonstrate the advantages of cooperative robots over a single robot, we implemented
a single and Multi-Robot RBPF-SLAM algorithm in the Player / Stage platform based on the
work of Andrew Howard [1].

The filter update step requires two ray-tracing operations on the occupancy grid for each and
every particle: one to evaluate the sensor model and another to update the map. Since these
operations are expensive, we approximate the ray-tracing step by considering only the ray end-
points, and decimate the laser scans by using only one scan for every 0.50 m of distance traveled.
These approximations improve processing speed by an order of magnitude or more, thereby
allowing real-time operation. For each particle, we maintain a complete occupancy grid map,
generally with a resolution of 0.50 m and covering an area of between 2000 and 8000 m”.

The robots used are the Pioneer Il with odometry and 2D laser (horizontal plane) with 1° of
resolution and retro-reflective markers (for mutual recognition).

Fig. 2 shows a typical map generated by the single-robot algorithm, with all three loops closed
correctly. Processing time for this map is 126 s on a 1.6GHz Intel Centrino using 150 particles.
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Figure 2: Map generated using the single-robot algorithm; the map is 16 m by 16 m with a
resolution of 0.50 m.

Fig. 3 shows the results produced by the multi-robot algorithm for an autonomous
exploration task. Two robots were deployed into this environment at distant locations,
from which they executed a cooperative, but largely reactive, exploration strategy.
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Figure 3: Sequence of events events: a) robots starts at distant locations and the global map
begins being generated by the robot 1 (red) considering its initial position zero; b) robot 1 (red)
encounters robot 2 (green) (due to the retro-reflective markers) at time ¢ = 54 seconds and uses
the combined information adding it to the global map; ¢) at time ¢ = 62 seconds the entire map is

obtained with a resolution of 0.50 m.
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In the final map all the major topological features have been properly extracted and the
map quality is uniformly high.

The processing time for this map is 62 seconds on a computer 1.6GHz Intel Centrino
using 150 particles.

5 Conclusions and Discussion

The use of cooperative strategies in robotics offers several attractive features since robots
are constantly interacting and communicating with each other with the dynamic
environment and with other members of different societies (e.g., man).

The collective intelligence emerging from cooperative strategies in robotics gives a
reason to call these systems, at their highest level, as robot society. The concept of robot
society shows potential in applications where the space and time distribution of single
robots are restricted and also as an alternative to more complex robots.

To demonstrate possible advantages of the cooperation in robotics, a single and a multi-
robot SLAM algorithm based on a RBPF was implemented on the Player / Stage platform.
One of the attractive features of the multi-robot SLAM algorithm is that it’s easy to
implement after the implementation of the single robot algorithm. The basic elements of
the algorithm - the sensor and action models, occupancy grids and ray-tracing - are easily
adapted from the Monte-Carlo location algorithm. Despite possible improvements to this
algorithm as discussed in [1], our results show that a cooperative exploration strategy
becomes far superior to the individual one. The processing time of the map for the single-
robot solution is greater than twice the processing time of the two-robots solution.
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