
A

Robot Team Exploration and Dispersion

ELIZABETH A. JENSEN, University of Minnesota

In the event of an earthquake or fire, search and rescue efforts may be delayed until it is safe for humans
to enter the area. Instead of allowing that time to be completely wasted, a team of robots could enter in
advance to create maps and collect images and locations of interest to the rescue team, so that the human
team may plan their approach once it is safe for them to enter. In a disaster area, communication is often
very limited, either due to downed or overworked networks, or because of interference in the environment,
such as thick barriers of debris. We have developed a set of distributed algorithms that make use of a team
of robots to fully explore an unknown environment even with restrictions on communication, team size, and
available sensors. We show, through proofs and experiments, that the algorithm will allow the team of robots
to fully explore the environment and maintain the necessary communication to return the information to
the waiting search and rescue team.
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1. INTRODUCTION
Robots are becoming more common every year, and are in use in more and more envi-
ronments. They can be found in industrial settings, such as factories and warehouses;
in military and law enforcement settings, for surveillance and bomb disposal; and in
homes as vacuum cleaners, toys, and even pets. As robots become more prevalent, the
need for coordination increases, not just between multiple robots, but also between
robots and humans. Teams of robots can often achieve more by working together than
individually, much like teams of humans. Coordinating that teamwork, however, is
more complicated for robots than humans, due to their more limited mobility, sensing,
and communication capabilities, but is critical to achieving the team’s goals.

When it comes to using robots for search and rescue, the primary goal is for the
robots to completely explore the environment, because missing even a small area could
mean missing the location of critical information, such as the location of a survivor
or an unstable wall. There are multiple methods for a team of robots to explore an
unknown environment with the intent of guaranteeing full coverage. Gage [1992] pro-
posed three categories of coverage–blanket, barrier, and sweep. Choset [2001] later
presented an extensive overview of coverage path planning algorithms according to
those categories. Most coverage algorithms are focused on surveillance, and thus aim
to achieve blanket or barrier coverage, but this can require a prohibitively large num-
ber of robots. Dirafzoon et al. [2012] provide an overview of sensor network coverage
algorithms, many of which rely on individual robots knowing the distance and bearing
to other robots around them. Other research has shown that it is possible for a team
of robots to achieve full exploration of an unknown environment using only wireless
signal intensity to guide the robots [Ludwig and Gini 2006]. This algorithm allows the
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Fig. 1. Cave-like environment
used for experiments.

Fig. 2. Average time to full exploration using 5 and 8 robots with
each algorithm.

use of small, simple robots, but still attempts to provide blanket coverage, which can
require a prohibitively large number of robots depending on the size and layout of the
environment. In our work, we have focused on algorithms designed to perform sweep
coverage of an unknown environment, instead of attempting to provide blanket cov-
erage. With this approach, we do not need to know in advance how many robots are
needed, as the team will complete a single sweep of the environment to locate points
of interest. Our main contribution is a set of distributed algorithms for coordinating a
team of robots to fully explore an unknown environment even in the face of restrictions
on communication and team size.

2. DISPERSION AND EXPLORATION ALGORITHMS
The main objective of our algorithms is to achieve full exploration of an unknown en-
vironment using a team of robots. The algorithm uses sweep coverage, as it is unnec-
essary to cover the entire environment simultaneously, or maintain a watch over it for
the duration of the exploration. Because of this, it is possible for a much smaller team
of robots to achieve the exploration than in blanket or barrier coverage algorithms. We
use a distributed approach to best take advantage of the robustness inherent in using
multiple robots. We assume that the robots have proximity sensors to avoid collisions,
the ability to communicate, and the means to carry and drop beacons (such as Zig-
Bee motes or RFID tags). We also assume a disaster scenario, so the algorithm must
function in an unknown and dynamic environment.

The primary innovative feature of our algorithms is that the robots use communica-
tion not only as a means to send messages, but also as a means to direct their move-
ments. This helps to ensure that the robots stay within range of each other, and the
algorithm is not dependent on a specific communication method to function correctly,
making it more versatile and usable on multiple types of robots.

We have completed the generalized algorithm, which requires the robots to remain
within communication range of each other throughout the exploration. In the Rolling
Dispersion Algorithm (RDA) [Jensen and Gini 2013], the wireless signal intensity is
used by the robots to disperse while maintaining communication with at least one
neighbor. Using RDA, the robots choose different behaviors as they progress through
the environment. After reaching maximum dispersion under this constraint, the robots
move through the environment using a rolling advancement method, leaving behind
beacons to mark the path to the entrance or to unexplored areas. This approach is
methodical and clears each area before moving forward, similar to the methods used
by law enforcement. We have shown that this algorithm completes the exploration in
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Fig. 3. Flowchart of the Sweep Exploration Algorithm from the robots’ perspective. Blue rectangles are
states, diamonds are decisions, and orange rectangles are actions.

multiple environments in simulation. One set of simulations was run using a cave-like
environment (shown in Figure 1) that would require ten robots for blanket coverage,
but which can be effectively explored using five robots with RDA.

In addition to the generalized algorithm, we have developed a more specialized algo-
rithm, the Sweep Exploration Algorithm (SEA) that functions with much greater con-
straints on communication. In some disaster scenarios, use of wi-fi for communication
is not possible due to interference in the environment (building structures, chemicals,
etc). Full exploration is still essential, but there may be significant restrictions on the
size and number of messages sent. For example, using chemical signals may restrict
us to only three distinct signals, because the robots cannot carry more containers or
sensors. We then need to know the minimum number of distinct messages required to
achieve full exploration. Our current work [Jensen et al. 2014; Jensen and Sugawara
2014] shows that we can achieve complete exploration using seven distinct messages,
depicted as a flowchart in Figure 3, where each state represents a corresponding mes-
sage. Figure 2 shows the simulation results for both RDA and SEA, and experiments
with physical robots are underway.

3. CONCLUSIONS AND FUTURE WORK
The overall contribution is a set of distributed algorithms for robot team exploration of
unknown environments. We introduced a novel means of completing the sweep cover-
age, using the communication signal intensity, and have shown, through simulations
and experiments with physical robots, that our methods are viable with multiple types
of communication, including highly restricted forms, such as chemical signals. We have
also given proofs of correctness showing the minimum number of distinct message
types necessary under scenarios with highly restricted communication.

Future work includes developing coordination between the robot and human teams,
to make the best use of all resources. This does lead to issues of trust, so team hier-
archy, and especially the amount of autonomy given to the robots, will play a big role
in this research direction. However, there are working structures, such as the use of
K-9 units, that are promising for human-robot teams in which the robots are not used
merely as tools, but as teammates.
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