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Abstract—In cooperative multirobot systems, communication
can speed up completion, reduce redundancy, and prevent
interference between robots. Typically, wireless point-to-point
communication is used to coordinate robots. However, envi-
ronmental interference, unpredictable network conditions, and
distances between robots can affect the reliability of wireless
communication. Therefore, approaches other than continuous
message passing throughout exploration are useful.

We consider the problem of coordinating a multirobot system
to explore an unknown, large, open environment. An approach
that uses sector search with rendezvous is presented. Robots
explore an environment in sectors, or designated areas, and peri-
odically meet to communicate map information of what they have
explored. Our approach is compared to other communication
paradigms in simulation. Results suggest that sector search with
rendezvous is more efficient than having no communications. It
further demonstrates advantages over scenarios in which robots
communicate only with other robots in close proximity, and
is comparable to a role-based approach with dynamic team
hierarchies.

Index Terms—Multiagent Systems, Distributed Systems, Co-
operation, Communication

I. INTRODUCTION

Cooperative multirobot systems are advantageous in haz-
ardous coverage applications such as search and rescue,
surveillance, and toxic waste clean-up. Deploying robots in-
stead of humans can prevent human casualties as well as
speed up completion. To cooperatively complete tasks so that
work is not duplicated, robots can cooperate by sharing digital
information. A messaging capability can prevent robots from
interfering with one another and reduce duplication in cover-
age [1]. However, intra-team digital communications are not
always guaranteed as communication can often be unreliable.

Since many hazardous applications require coverage of
large unknown environments, wireless ad-hoc networks are
often utilized. Typically, wireless networks can be rapidly
deployed due to minimal configuration requirements. However,
communication performance is affected by environmental in-
terference (e.g. walls) and decreases as the distance between
robots increases [2]. In addition, if robots exchange large
amounts of information then they run into the risk of receiving
incomplete information due to cpu overload from individual
message processing [3]. As message loads increase, team

performance degrades. To address these challenges, alternative
approaches to continuous message passing are useful.

Approaches that do not use any message passing to co-
ordinate robots include: potential fields [4], [5], [6] where
robots attract and repel each other, and ant or swarm robots
[7], [8] where virtual pheromones or trail markings are used
to communicate and influence robot behavior. However, both
approaches depend on local interactions where after a certain
distance they no longer coordinate.

Other researchers that consider message passing with net-
work constraints include: [9], [10] in which robots are required
to maintain line-of-sight with other robots, [11] in which
message size is reduced by allowing robots to communicate
polygonal representations of the map, and [12] where ren-
dezvous approaches allow robots to meet up to exchange
information about the environment.

In this paper, an approach using sector search with ren-
dezvous to coordinate a robot team in an unknown environ-
ment is presented. Instead of continuously passing messages
throughout the entire exploration, robots explore their sector
and then rendezvous to communicate what was found. We use
small teams of intelligent robots to cover a large open area
that represents an outdoor environment such as a city block.
We compare our approach to other direct communication and
rendezvous approaches. We hypothesize that sector search with
rendezvous is efficient in coordinating robots in coverage tasks
of wide open areas.

In Section II, related work is presented. A discussion of
our approach follows in Section III. In Sections IV and V,
simulation set up and results are discussed. An analysis of the
results is provided in Section VI. Finally, Section VII presents
conclusions and future work.

II. RELATED WORKS

Several researchers have proposed approaches for coordi-
nating robot teams without message passing.

One approach involves coordinating robots with potential
fields. In [4], [5], Howard et al. present a distributed virtual
field force where robots are subject to repulsion from other
robots and obstacles, causing robots to spread out. While
this approach depends on local interactions which can only



occur when robots are in close proximity to one another, our
approach allows robots to use interaction information even
after robots can no longer sense each other.

Other approaches have been implemented with considera-
tion of network constraints. Several researchers have looked
into requiring robots to maintain line-of-sight so that robots
remain in communication range with each other. Rekleitis et
al. [10] address the implementation of coordinating robots
when information sharing is restricted to line-of-sight commu-
nication in an unknown environment. Their results show that
maintaining the cohesiveness of the team by allowing only
minimal splitting leads to a reduction in repeat coverage.

In similar work, Arkin et al. [9] investigate how a team
of robots can self-organize during exploration by maintain-
ing line-of-sight communications. Experiments involve robots
searching for hazardous materials with varying degrees of prior
knowledge. The line-of-sight approaches work well when there
is a requirement for robot cohesiveness, but in general will not
be as efficient in a large environment when a small number of
robots have to spread out more to cover the environment.

Senthilkumar and Bharadwaj [13] present an approach to
the robot path exploration problem that allows robots to find
a collision free path to reach predetermined points in an envi-
ronment. They use a complete weighted graph that represents
the points in the environment which the robots have to explore
using a shortest path. They divide the area into clusters and
assign each robot a cluster to explore. After visiting all points
in the cluster using a Traveling Salesman Problem approach,
the robots meet at the predefined rendezvous point. However,
they make off-line decisions which require the topology to
be known in advance, limiting the ability to react to dynamic
environments.

In [11], Meier et al. present a technique for assigning targets
to robots and deciding what information to transmit when
using communication with limited bandwidth. Each robot
explores an unknown environment and creates a polygonal
approximation of a map. To reduce message sizes, polygonal
representations of the map are communicated. Using this
approach, Meier et al. were able to effectively coordinate
a team of robots under bandwidth limitations. Nevertheless,
communicating polygonal representations still requires that
network connectivity exists.

Many researchers have presented work on using rendezvous
techniques. One approach is demonstrated by Roy and Dudek
in [12]. The focus is on getting robots to meet at a rendezvous
location if they do not know each other’s initial start positions.
The goal is to explore the environment and meet at a location
with robots that have noisy sensors.

Another approach using rendezvous in an unknown envi-
ronment is presented in [14]. De Hoog et al. use role-based
exploration where some robots (Relays) relay information
between robots and a central command centre while others
(Explorers) continue to explore using frontier exploration.
When a Relay and Explorer meet, they share information about
the environment and the Explorer plans the next rendezvous
point. The Explorer determines the next rendezvous point by

placing it deep into its next choice of frontier while ensuring
that point has strong communication range. In [15], de Hoog
et al. further develop this approach by proposing a dynamic
team hierarchy in which robots swap roles to shorten paths for
faster exploration.

III. APPROACH

In [16], Balch and Arkin found that the most complex
communication schemes are not always necessary in tasks in
which lower level types of communication, such as implicit
communication, are effective. More complex communications
do not always speed up completion. When message loads
increase, team performance can degrade because robots are
spending time processing messages instead of exploring.

In our approach, robots do not communicate during the
entire exploration. Instead, robots are well coordinated using
sector search so they are able to explore different areas without
communicating. They use scheduled rendezvous to communi-
cate new information. In the following sections, sector search
and rendezvous are discussed.

A. Frontier-based Exploration

All approaches in this research use the coverage algorithm,
frontier-based exploration. In a frontier-based [17] algorithm,
robots recursively explore an unknown area while building a
cellular representation, i.e. an occupancy grid [18]. Robots use
a distance sensor to sense the space around them, allowing
them to label each cell open, occupied, frontier, or unknown.
Frontier cells are those cells on the borders between open and
unknown cells.

When the robots communicate, they explicitly broadcast
messages to all other robots. These messages are deliberately
transmitted and received through point to point communica-
tions. Information about open cells is shared.

B. Sector Search with Rendezvous

The Sector Search with Rendezvous approach is designed to
allow a robot team to explore an unknown environment. The
goal of the robots is to collaboratively explore a large open
area without using continuous message passing throughout
the entire exploration. Instead, robots rendezvous to exchange
information about what they have discovered. The following
assumptions are made:

« Robots are equipped with a global positioning sensor
(GPS) for localization and share a global map.

o The environment is wide open and unknown (e.g. out-
door).

o Robots start close to each other and share a common
frame of reference.

« Robots are homogeneous and capable of exploring the
environment on their own.

o Robot teams are small allowing for a limited number of
messages at rendezvous.

« When robots communicate, messages are intentionally
transmitted and received from robot to robot.
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Fig. 1. The robots search in sectors, or designated areas, and then rendezvous
to exchange map information. The paths of the robots are shown, with the
starting point and initial rendezvous location at point 1. The diagram on the
right shows the area that has been covered.

Fig. 2. The robots search in sectors, or designated areas, and then rendezvous
to exchange map information. The paths of the robots are shown, with the
starting point and initial rendezvous location at point 1.Subsequent rendezvous
locations are determine after each meeting. The second rendezvous location
is shown at point 2. The diagram on the right shows the area that has been
covered.

1) The Algorithm: While frontier-based exploration allows
for robots to select frontier areas to explore based on individual
utility, sector search allows robots to explore a pre-agreed
coverage area. The area is divided into designated areas for
each robot. The team decides on designated areas from similar
start locations. For example, a robot may be designated to ex-
plore the most eastern part of the environment while another is
designated to explore the most northern part. Because dividing
the area into designated areas can cause uneven assignment,
robots can explore outside their sectors after completing their
own sector.

Although the robots are exploring designated areas within
sectors, they still execute the frontier-based exploration algo-
rithm within their area. Sector search is beneficial in large
environments with few robots because robots spread out more
in their assigned areas. If the environment is large and they do
not explore in designated areas then they may end up exploring
in the same area. In addition, when robots rendezvous, it is
more likely that they are sharing new area information if they
explore in designated areas.

2) Sector Designation: Although the environment is un-
known, robots can be designated sectors. In the beginning of
coverage, robots start at adjacent locations. This area of the
environment can be represented as a semicircle. The arc of

a semicircle always measures to 180°. If there are IV robots
then 180°/N indicates the angles of the sectors robots should
cover. For example, in the experiments of this work, there are
three robots. Therefore, robots distribute at 60° angles from
each other.

3) Rendezvous Locations: One of the most important fac-
tors in rendezvous is choosing rendezvous locations. It is
difficult to determine locations in an unknown environment.
Robots explore and build a map individually to share with other
robots. Although, they share map information when they meet,
they may not always have the complete map. For example,
robots may not agree on a location because the location does
not lie in every robot’s map. In addition, robots may not make
it to a location in time. In both cases, it results in robots having
partial and varying maps.

In our algorithm, rendezvous locations are determined indi-
vidually by each robot. The robots start exploration in adjacent
locations. The initial rendezvous location is at this start point.
Subsequent rendezvous locations are not decided on until after
each rendezvous. If robots have successful rendezvous, they
will have similar maps after meeting. On the contrary, if they
do have successful rendezvous and are not able to communi-
cate, then they will not have similar maps. However, after each
scheduled rendezvous, robots choose the most central point in
their map as the next rendezvous location.

Figures 2 and 3 illustrate the paths of a three-robot team
exploring in sectors and their first two rendezvous locations.
The location at point 1 shows the starting points of the robots
and the initial rendezvous location. After the initial rendezvous,
the robots each decide on their next rendezvous located at point
2.

4) Rendezvous Parameters: Other important aspects of
rendezvous are choosing the time between when robots should
rendezvous and the duration of the rendezvous itself. Having
robots meet not often enough can result in a large amount of
messages being passed when they do meet. However, if they
meet too often, they spend more time meeting than exploring.

The duration of a rendezvous can also be influential on
performance. If the duration is not long enough, then robots
may not have enough time to make it to the rendezvous point
and exchange information. In contrast, if the duration is too
long, then they are wasting time after communicating. These
two parameters are tested by two variations of the algorithm:
SECTOR REND | and SECTOR REND 2.

In SECTOR REND 1, communication is limited in that only
information that was discovered after the last rendezvous will
be shared. In other words, environment information is shared
only once at the next rendezvous. Therefore, if robots are
not able to make it to the rendezvous location, they will
miss the information sent by other robots. However, with
SECTOR REND 2, robots send all the map information they
have gathered from beginning of execution every time they
meet. Therefore, SECTOR REND 2 should be assigned a longer
rendezvous duration than SECTOR REND 1.

For both SECTOR REND 1 and SECTOR REND 2, the initial
rendezvous is set to happen after two minutes of exploring.



Subsequent rendezvous are every five minutes. This gives the
robots enough time to cover a good portion of the environment
and return. Sufficient rendezvous duration and meeting times
can be determined by considering the robots’ velocity (v),
number of robots, and amount of communication at ren-
dezvous. If there are N robots and they meet every ¢ minutes
then the amount of communication can be approximated by
N x t x v. The rendezvous durations for SECTOR REND
1 and SECTOR REND 2 are two minutes and six minutes;
respectively. Additional time is needed for SECTOR REND 2
since the robots communicate all environment information that
was found from the beginning of the search every rendezvous.

C. Approaches for Comparison

To demonstrate sector search with rendezvous, it is com-
pared to No ComM, PrOX CoMmM, FULL COMM, and the
ROLE-BASED approach described in [15].

In the No CoMM approach, there is no direct communica-
tions between robots. Each robot only relies on their perception
of the environment. However, with the FULL CoMM and
ProOx COMM approaches, robots explicitly broadcast messages
to all other robots. The only difference between the FULL
CoMM and PROX COMM is that with PROX COMM robots
only communicate with other robots that they sense within
five meters. The following section describes in more detail the
ROLE-BASED presented in [15].

D. Role-based with Dynamic Team Hierarchy

In [15], de Hoog et al. demonstrated role-based exploration
with a dynamic team hierarchy. As noted in the related
work section, some robots (Relays) relay information between
robots and a central command centre while others (Explorers)
continue to explore using frontier exploration. Subsequent
rendezvous points are pushed deeper and deeper into the en-
vironment, leading to full exploration. When two robots enter
one another’s communication range, they examine whether it
is advantageous for them to swap roles, i.e. for each to take
on the other’s task. If yes, they swap roles and exploration
continues.

The main differences between sector-based exploration and
role-based exploration are:

« role-based exploration requires a team hierarchy whereas
sector-based exploration does not

« in role-based exploration, meetings occur between robots
pairwise whereas in sector-based exploration all robots
meet simultaneously

« role-based exploration typically aims to gather all infor-
mation at a single, central location, which is not the case
in sector-based exploration

IV. SIMULATION SETUP

The SECTOR REND, No CoMM, FULL COMM and PROX
CoMM approaches were simulated in the 3-D physics-based
simulator, Webots [19]. In Webots, a wheel encoder noise
(based on a Gaussian distribution) was added to the trials run in
simulation to compensate for error in the real world. A global

Fig. 3. The environment for simulations was 16x16 meters with four 4x4
meter obstacles.

positioning sensor (GPS) was used for localization and a laser
range finder for mapping. The controller was written in the
C programming language and experiments were performed on
a Dual Core 2.33 GHz machine running Linux with 2GB of
RAM. An emitter and receiver were added to each robot for
point-to-point communications.

We measured the performance of each approach by exam-
ining the percentage of coverage and amount of time taken to
cover an area. The NO COMM approach serves as the baseline
experiment for comparison against the other approaches. The
goal of the experiments was to determine whether communicat-
ing only during rendezvous is a good alternative to continuous
message passing. The environment used to run the simulations
was 16x 16 meters with four 4 x4 meter obstacles representing
a city block (Figure 3). Twenty trials for each approach were
conducted with a three-robot team.

The best approach for SECTOR REND and the ROLE-
BASED approach were simulated in MRESim, a JAVA-based
simulation environment [20]. Currently, MRESim assumes
perfect sensor data and localization. However, the simulator
is used for the purpose of comparison to previous work. Each
approach was simulated in the same environment shown in
Figure 3. Three trials for each approach were conducted with
a three-robot team.

V. SIMULATION RESULTS

Data collected include the average time that the team
required to explore at least 50% and 90% of the environment
for each approach. Data also includes all averages of coverage
over time.

Figure 4 illustrates the comparison between robots using
No ComM, FuLL CoMM and PROX COMM. Inspecting the
figure, FULL COMM and PROX COMM have similar perfor-
mance. However, FULL COMM covers more area at first and
PrROX COMM covers more at the end of exploration. On
average, PROX COMM reaches 90% almost one minute faster
than FULL CoMM (Table I).

Figure 5 illustrates the sector search with rendezvous algo-
rithms. Overall, when compared with no communications they
performed better. However, there is a point in the beginning
of execution where the robots using communications covered
more than those using SECTOR REND 1 and SECTOR REND 2.
In Table 1, it shows that at 50% coverage, no communications
is outperforming by more than two minutes. In addition,



50% Cover | o 90% Cover | o
Time (m) Time (m)
No Comm 6.63 1.42 | 20.97 3.83
Full Comm 471 0.44 | 16.98 3.17
Prox Comm 5.35 0.63 15.92 3.32
Sector Rend 1 | 7.04 0.33 15.37 347
Sector Rend 2 | 7.06 0.31 14.95 2.17
TABLE I

AVERAGES FOR 50% AND 90% COVERAGE FOR EACH APPROACH.

100 T T T T T T T T

90t
8of
70t
S
< e0f
(0]
& sof
o
[
3 4of
(@]
30t
20t
= No Comm
10 = = =FullComm |
Prox Comm
o ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10 12 14 16 18
Time (ms) x10°
Fig. 4. A comparison of coverage and time for a robot team with no

communications, direct communications during an entire exploration, and
direct communications only when they are within close proximity of another
robot.

SECTOR REND 1 and SECTOR REND 2 are very similar in
performance to each other until about 90% at which then
SECTOR REND 2 had better performance.

As shown in Figure 6, SECTOR REND 2 and PROX COMM
have comparable results. SECTOR REND 2 on average covered
90% of the area quicker than PROX COMM (Table 1). However,
PrROX COMM demonstrated better coverage time between 30%
and 70% (Figure 6).

Table I shows the average times for when at least 50%
and 90% of the area was covered by the three-robot team.
On average, FULL COMM reached 50% coverage the faster.
However, SECTOR REND 2 approached 90% quicker. Figure 6
shows PROX COMM and SECTOR REND 2 performed similarly
after 90%.

Finally, figure 7 illustrates coverage and time for three runs
each of the SECTOR REND and the ROLE-BASED approaches.
While Role-based exploration outperforms sector-based ex-
ploration in the early stages, the advantages of sector based
exploration soon become evident as its coverage improves.
This confirms that sector-based exploration is a better solution
for open, outdoor environments (whereas role-based explo-
ration typically has the greatest advantages in communication-
limited, narrow and obstacle filled environments).

VI. ANALYSIS

Results suggest that the alternative of having robots only
communicate when in close proximity PROX COMM with each
other performs better than communicating during the entire
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Fig. 5. A comparison of coverage and time for a robot team with no

communications and algorithms of the sector search with rendezvous.
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Fig. 6. A comparison of coverage and time for a robot team with no

communications, direct communications only when they are within close
proximity of another robot, and sector search with rendezvous approach.

exploration (FULL CoMM). With FULL COMM, robots have
more messages to process allowing for less time to explore. It
also demonstrates how information that is close in both time
and space is useful in immediate action selection. Additional
research discusses the impact of spatial and temporal locality
in information exchanged [21].

SECTOR REND 1 and SECTOR REND 2 had comparable
performance but show a decrease in performance to the point
where it was under no communications during the beginning
of execution (Figure 5). It illustrates how taking the time to
rendezvous can affect coverage. Instead of exploring, robots
are meeting to exchange information. In addition, SECTOR
REND 2 decrease towards the end of execution due to the
amount of communications and longer rendezvous duration.

Although PROX COMM and SECTOR REND 2 had the
best performance (Figure 6), they both have advantages and
disadvantages. When robots only communicate when they are
in close proximity with each other, they do not have to waste
time to rendezvous. However, in wide open environments with
small teams, there is a chance that they may not ever be in close
distance of each other. In wide open environments, rendezvous
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is beneficial because robots make an effort to meet instead of
relying on the chance they may come in close proximity of
other robots.

The utilization of rendezvous to overcome communication
limitations is illustrated in both the SECTOR REND and the
ROLE-BASED approaches. They are similar because they use
rendezvous but task assignment is different. For example,
in ROLE-BASED, robots are heterogeneous and assigned the
specific roles of Explorers and Relays. In SECTOR REND,
robots are homogeneous and are assigned designated areas
to search. The combination of sector search and rendezvous
is beneficially unique. Although sector search could be imple-
mented without rendezvous, it offers another way to coordinate
robots by preventing additional interference and duplication.

VII. CONCLUSIONS AND FUTURE WORK

An approach that uses sector search with rendezvous to
coordinate robots in an exploration task of a unknown large
open environment is presented. Our approach is compared to
other communication paradigms in simulation. Results sug-
gest that sector search with rendezvous leads to gains over
approaches having no communications, is comparable to when
robots communicate only with other robots in close proximity,
and outperforms role-based exploration in open environments.

Future work includes examining sector search with ren-
dezvous with different robot team sizes and environments. In
addition, experiments with real robots will also be conducted
and examining the algorithm using different rendezvous pa-
rameters is planned.
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