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SUMMARY
There is an increasing popularity of mobile robot
applications over the Internet. Robots need some kind of
wireless communication to receive commands and transmit
information to users. This paper describes the problems
encountered to keep the mobile robots connected and the
solutions adopted. The first problem was related to delays
and the very low throughput that occur when the robot
roams to a new access point. Most commercial systems
currently installed implement proprietary solutions with
different behaviors. Here, a simple and device-independent
solution for mobile robot applications is proposed. The
second problem is the lack of wireless coverage in some
areas of buildings. The solutions adopted for these problems
are based on coverage maps.
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1. Introduction
During the last few years, the mobile robot industry has
grown in investment, research, and applications. Different
degrees of autonomy are required depending on the robot
application, but in most applications robots need to share
information with remote users or even other robots. The
information to be transferred from users to robots depends
on the application and degree of autonomy. It ranges
from basic motion commands in tele-operated robots to
more general and abstract tasks in autonomous robots.
Likewise, most applications need to transfer information,
such as camera images, other on-board sensor data and
reports, from robots to users while executing different
tasks.1 Therefore, a communication system between user
and robot is required in most applications. Furthermore, a
wireless system is required.2 Examples include a variety of
applications: office and hospital delivery, surveillance and
reconnaissance, inspection,3 home security mobile robot,4

tour guide in exhibitions,5 among others. Several wireless
technologies and standards have been used to implement
the communication system for mobile robots in real world
applications.6,7 The most prominent and common indoor
topology is Wireless Local Area Networks (WLAN), which
offer network services that coexist with fixed infrastructure
allowing mobility and flexibility to users.
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Wireless Local Area Networks provide network services
where deploying a fixed infrastructure is difficult or too
expensive. WLANs can coexist with fixed infrastructure
to provide mobility and flexibility to users. The primary
WLAN standards are IEEE 802.11.8 This set of standards
defines both physical and MAC layer protocols9 and
specifies the Received Signal Strength Indicator (RSSI),
which is a relative measure of the radio frequency (RF)
energy received. This measure depends on the well-known
WLAN Driver (WLAND) vendor parameters. The 802.11
protocol set, popularly known as Wi-Fi, includes wireless
network standards that allow data transmission at different
speeds.

Most of the research in the field of robotics regarding
indoor Wi-Fi is devoted to localization systems. There
are different ways to focus the localization problem
utilizing many different signal properties. Some use physical
properties of the signal, while others use the time taken for
the signal to reach the destination node. However, in this
paper, we focus on communication issues.

A number of issues arising from the use of wireless
networks must be considered, among which are coverage,
compatibility, interference, latency, safety, security, and
costs. Wireless communication systems cover areas that
depend on parameters of the system selected and the
environment where they are installed. For example, Wi-Fi
coverage in a building depends not only on the devices
used for communication such as antennas in Access Points
(AP) and clients, but also on construction materials, wall
distribution, and other building characteristics.

During the last two decades, our lab has been working
on several mobile robot projects such as surveillance10 and
tour guide11 applications. In both kinds of applications, each
robot can handle autonomously some daily routine tasks. For
example, surveillance robots are able to patrol programmed
or randomly generated paths at any time. However, robot
sensor information, such as real-time images captured by a
camera on the robot, can be transmitted back to the central
management office via a local area network. Therefore,
even though the robot can execute tasks autonomously, a
communication system between user and robot is necessary
in most applications. Some problems regarding real-time
wireless communication need to be considered and solved,
particularly roaming and coverage problems. This paper
proposes various solutions to these communication problems
for mobile robots in indoor environments with standard
wireless facilities.
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1.1. Roaming problems
Roaming problems occur when the robot moves from the
vicinity of one AP to next AP. The need to support real-time
applications while wireless users are on move has given place
to a new WLAN standard IEEE 802.11r. However, most
wireless applications presently installed are based on IEEE
802.11 basic standards, and very few communication systems
already installed implement this standard. A number of
researchers have studied the roaming delay and transmission
throughput for the same network12 as well as different
networks.13 One goal of the mobile robot applications
that we develop is to use, if possible, the communication
facilities present in the buildings where the applications will
be installed. The WLAND in the client is responsible for
deciding when to scan, evaluate, and roam to a new AP. In
most cases, the WLAND relies only on the RSSI obtained in
the receiver from the connected AP to decide when to roam
to another AP. However, with RSSI values near the threshold,
there might be connection problems while the robot is closer
to another AP. In this paper, a monitor that helps to solve
this problem by introducing a minor impact on data traffic is
presented.

1.2. Coverage problems
Coverage is a key feature in wireless automation facilities
with mobile robots that have a great impact on distance and
data rate. Different coverage problems can arise. Direct and
reflected transmissions (called multi-path transmission) can
appear and combine with different delays and amplitudes
(called the delay spread). Reflections are time-shifted, with
distances and rate varying in indoor environments. In
addition, the received signal could be completely cancelled.
This effect is known as multi-path fading.

There are two different approaches to address coverage
problems:
� Assuring full coverage on the robots’ working area, i.e. by

overlapping coverage areas of different APs. This approach
removes coverage blind spots and provides switchover for
roaming and redundancy in case of coverage loss.

� Providing robots with mechanisms to deal with blind spots.

The second approach is addressed here for the following
reasons:
� In our mobile robot applications, we intend to use the

communication system already installed, and therefore, to
avoid modifying the wireless facilities in buildings.

� In some cases, developing a system to provide full coverage
can be expensive.

� It is very difficult to obtain an indoor RF wave propagation
model to make sure that there are no dead spots where no
signal can be received.

� Even if full communication coverage is available, the
malfunctioning of an AP might jeopardize the mobile robot
application.

Several researchers have already addressed the task
of creating wireless coverage maps for outdoor14,15 and
indoor16,17 environments. However, because their purpose
was not a mobile robot application, their research focused on
the use of RF propagation models to estimate RF power and

relate it to the RSSI of the WLAND. However, in our mobile
robot applications, the RSSI or some related value could
be readily measured at different points of the environment
while navigating the robots. In this paper, the following two
different sets of methods are used.

� An approach based on data gathered from different points
of the environment using mobile robots.

� An approach based on propagation models.

The first approach is inspired in the results of power-based
wireless robot-positioning systems. Most of the research
in robotics regarding indoor Wi-Fi is devoted to robot-
positioning methods.18,19 There are different ways to address
the positioning problem using many different properties.
Some use physical properties of the signal, while others use
the time taken for the signal to reach the destination node.
One common approach uses surveying of signal strength
information in a particular area. This information is stored
in a database that is later used to determine the location of
a mobile device by a particular pattern-matching algorithm.8

These results can be used to develop coverage maps from the
data obtained by the robots.

The other approach uses different propagation models
to estimate the relationship between signal strength and
distance from transmitters.18,20 Even though our problem
is different, we can use the solutions provided by these
methods to estimate the signal strength in different points
of the environment to construct a coverage map.

The rest of this paper is organized as follows. Section 2
introduces the architecture used to control each mobile
robot. Robots connect via Wi-Fi to a central server to share
information with the user interfaces. The communication
architecture used (Java Inter-Process Communication or
JIPC) will be presented in Section 3. The roaming problem is
explained in Section 4. The two following sections describe
different ways to create coverage maps. Section 5 describes
the method used when we have information about the
positions of the antennas. If information of the antennas
is not available, we can “walk” the robot and create a
log with coverage readings at different positions. Section 6
describes three different ways to create coverage maps from
these readings. Finally, Section 7 discusses the results from
different methods, and concludes the paper.

2. Robot Control Architecture
The applications used involve a number of autonomous
robots that can be monitored from the Web. Figure 1 shows
one of these scenarios where the robots are connected to a
central server using some kind of wireless communication.
In addition, users connect to the central server using an
application graphical user interface (GUI) to command
different tasks to the robots and monitor them. Users might
connect to the central server from different kinds of terminals
such as computers or mobile phones. The kind of information
transferred from the robots to the central server and from
the central server to users depends on the application. For
example, in a security system, information includes images
from cameras or data about the on-board security sensors of
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Fig. 1. (Colour online) Multi-robot application scenario where
different robots are connected to a central server.

Fig. 2. (Colour online) ISANAV control architecture. Different
modules are divided into several sets. The hardware server set reads
sensor data and controls actuators. The control set provides several
basic functions that can be used by other modules of control and
executive sets.

the robots. It can also be useful to report the robot position
and the planned tasks.

The robots are able to autonomously execute different tasks
without the need to be continuously connected to the central
server. However, a problem arises if one robot finishes a task
at a point were it has no wireless coverage. Therefore, a
mechanism to move the robot to a point where it can connect
to the server is required.

The on-board control architecture is organized as shown
in Fig. 2. Even though the different modules are organized in

four sets, they can be mapped in the three-layer architecture
popularized by Bonasso et al.21 The hardware servers and
the control set implement the functional layer, while the
RoboGraph Dispatch implements the executive and planning
layers. Finally, the architecture includes a set of processes to
interact with the users and connect to the central server using
a wireless communication system.

The navigation platform is based on CARMEN,22 and
some modules, such as localize, navigator, and base hardware
servers, remain basically the same. Unlike CARMEN,
motion control is divided into high-level (strategic)
planning23 and lower level (tactical) collision avoidance
using the Beam method.24

2.1. Hardware server modules
The hardware server modules govern hardware interaction
providing an abstract set of actuator and sensor interfaces
and isolating the control methods from the hardware details.
Most hardware devices are connected to a CAN bus using
RoboCAN.25 Some of these devices, such as laser and
sonar, are used in navigation, while others are specific for
the application, such as the robot head or the sound and
speech system. Thanks to this layer, changes in hardware
components can be made without changes in higher layer
modules while keeping the same interface.

Special attention must be paid to the RF Server module
that obtains information from the wireless communication
device about the signal strength from different APs. The
Linux Wireless Extensions (WE) are the kernel API
employed to develop the RF Server module, and to guarantee
the solution independence from the WLAND used. In
particular, we use the IOCTL calls to monitor wireless
variables (such as RSSI, ESSID, or AP MAC) and to modify
connection parameters.

During application installation, the RF Server module is
used to create a log file while the robot moves through differ-
ent areas of the building. This log file is used to create cov-
erage maps. Even though it is not included in Fig. 2, there is
a module named RF Simulator that simulates the RF Server
behavior when a robot simulator is used. For simulation,
RF Simulator uses the log-normal shadowing propagation
model to calculate the expected signal strength values.

2.2. Control modules
The control modules integrate sensor and motion information
to provide improved sensor odometry, basic navigation
capabilities, such as localization, path planning, or follow
path, and basic application-specific functions, such as say a
text or make a face expression.

2.3. Executive modules
All the modules in this layer belong to the RoboGraph
application, which includes two modules: RoboGraph GUI
is used only for application development, and RoboGraph
dispatch is without graphical interface, which would be
working when the robot is doing surveillance operations.

RoboGraph GUI is the programming integrated
development environment (IDE) used by application
developers to program robot tasks. These tasks coordinate
the works of the rest of the modules, including some actions
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Fig. 3. (Colour online) Multi-robot control framework. The framework used to control a robot using IPC is extended to control and connect
the robots, the building control unit that manages all building sensors and actuators, RoboGraph, which executes the tasks (Petri nets), and
the user interface, which is an applet running on the users web browser.

carried out by the users on different interfaces. Tasks are
defined as Petri Nets stored in XML files.

Robograph Dispatch loads tasks from XML files and
executes them, sending commands to other modules and
subscribing to their events.

2.4. Interface modules
A number of interface modules for application can be used
by developers to debug and trace the control and hardware
server modules. However, only one interface module on
board allows the user to interact with the robot. There are
two modules (Robot Web and RF GUI) on this level that
are directly related to this research, as shown in Fig. 2.
Robot Web is a module that exchanges information between
the robot and the building’s central server station. RF GUI is
a module used in this research to create and display coverage
maps, and create a new AP configuration and store it in
an XML file. In addition, the GUI shows the information
published by RF Server or RF Simulator.

3. Communication Framework
Each module in Fig. 2 is a Linux process that exchanges
information with other modules using Inter Process
Communication (IPC).26 Developed at Carnegie Mellon’s
Robotics Institute, IPC provides a publication-subscription
model for processes to exchange messages via a central
server process. Each application registers with the central
server, and specifies what types of messages are published
and what types are listened. Any message that is sent to the

central server is immediately copied to all other processes
subscribed to it.

Our current research addresses architectures that extend
the architecture described in Fig. 2 to control several mobile
robots and connect them to a central server (Fig. 1). Figure 3
shows the proposed architecture for two robots connected to
Wi-Fi, but it can be extended to multiple robot systems.
Regarding the communication topology, the framework
shown in Fig. 3 is very similar to the framework used inside
each robot. Each IPC set of modules shown in Fig. 3 controls
one robot and is running in the onboard computer. JCentral,
the building interface, Robograph multi-robot, and video
streaming are running in the central server computer that
is connected to the Internet.

There are two information channels between the robots
and the central server. One channel is established between the
“Robot Web” module (robot) and JCentral (central server),
and the other channel (video channel) is established between
the F-grabber module (robot) and the streamer (central
server). Similar channels are also set between users and
central server. A WLAN is used for communications between
robots and the central server.

The JIPC framework is used with functionalities similar
to IPC. However, it has been fully developed on Java and
extended for multi-robot, multi-user applications.

JCentral needs to differentiate between temporal and final
robot disconnections. For example, the Robot Web module
can be stopped without being disconnected from JCentral. In
this case, JCentral has to cancel the connection. In addition,
a robot can loose temporal connection and JCentral should
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be able to resume communications afterwards. JCentral
implements a timeout mechanism to disconnect modules
when communication has been stopped for longer than a
threshold time.

The building might also have a set of devices such as
sensors and actuators that must be connected to the central
server in some way. The building interface module shown
in Fig. 3 handles all the information related to building
devices.

4. Roaming Problem
While a mobile robot moves through the working area, it
needs to change the AP association from one AP to another
AP within the same WLAN. The robot connection system
is responsible for deciding when it needs to scan, detect,
evaluate, and roam to an alternative point. However, this
problem is general to any mobile client that wants to be
connected to the Wi-Fi while moving inside the building.

The original IEEE 802.11 standard does not provide
optimal services for real-time applications. To tackle this
problem, the 802.11e standard includes an amendment to
provide needed Quality of Service (QoS). Besides, the
802.11i amendment has solved security issues by adding
stronger encryption, authentication, and key management
methods to guarantee data and system security. However,
these amendments introduce expensive management frame
exchanges between the mobile station and the AP. Some
researchers12 show that 802.11i may not be suitable by itself
for voice transmissions during roaming. 802.11r standard is
aimed to provide solutions to reduce the time taken for the
transitioning process.

Our experimental results showed a relatively long delay
and a low throughput when the robot moves from one AP to
another. For most mobile robot projects, there is an interest in
the use of the existing communication infrastructure available
in buildings. At the moment, very few network devices imple-
ment 802.11r standard and therefore we do not want to restrict
our system to work only with 802.11r-compliant devices.
Our first approach to deal with this problem was to use
antennas with higher gain. Surprisingly, rather than solving
the problem, it made the problem worse. For this reason, a
careful study of the roaming mechanism was needed.

In a managed Wi-Fi network, the client chooses the AP
with which it wants to connect.27 In general, the WLAN
standards do not specify when a client should roam. Instead,
the roaming algorithms are proprietary of each vendor and
are not generally published. However, following are some
common situations that typically cause roaming:

� Data retry count is exceeded: The IEEE 802.11 standard
specifies the protocol to retry the transmission of data
frames for which an acknowledgment was not received.

� RSSI threshold: The client device can decide to roam when
RSSI drops below a threshold.

� Signal to noise ratio (SNR) threshold: The client device
can decide to roam when SNR drops below a threshold.

� Load balancing schemes: The client device can decide to
roam in order to balance client traffic across multiple APs.

WLAN Drivers are configured with a default set of RF
roaming parameters, which are used to set RF thresholds
adopted by the client to decide when to roam.

As stated earlier, roaming algorithms are proprietary of
each vendor, and tests made with different devices can
produce different results. For most devices, it seems that
the WLAND roaming algorithm is mainly based on the RSSI
threshold, named Roaming Threshold. When the robot moves
from one AP to another and reaches the second AP vicinity,
the RSSI from the first AP can be still good. However, the
signal–noise ratio might be very poor. In this situation, the
WLAND does not roam to the second AP, even though
communication performs poorly and hardly any data are
transmitted.

To solve this problem for a general client device, a new
network module (RF-Server in Fig. 2) has been developed
to monitor this situation and force the roaming. In order to
detect these situations, it is necessary to scan for the available
APs. However, special care must be taken because during a
channel scan the client is unable to transmit or receive any
data traffic. Clients may take two main approaches:

� Background scanning: Clients scan continuously for
available channels. Therefore, when they need to roam,
they already have the information about the available APs.

� On-roam scanning: Clients scan for available channels
after a roam has been determined necessary.

To detect the situation described above, a background
scanning approach is needed. A program that continuously
searches for the best AP has been developed. When the
difference between the present AP and the best AP reaches a
threshold, it roams for a new AP.

5. Creating Coverage Maps From Propagation Models
Central server sends each task to the robot, which executes
it autonomously. However, when one robot mission ends in
an area without Wi-Fi coverage, the central server cannot
connect to the robot and command new tasks. The solutions
adopted for these problems are based on coverage maps. A
coverage map was built for every AP. If there is no coverage
in an area that should be covered by an AP, the robot moves
to an area with good coverage for a different AP. In some
applications, information about APs, such as AP position,
can be easily gathered. In these cases, it is possible to obtain
the expected RF power and deduce the RSSI measurements
for our WLAND at different points of the environment using
some propagation model. Nevertheless, these power signals
are complex radio waves and many properties underlying
electromagnetic wave propagation attributed to reflection,
diffraction, and scattering should be considered.

A free space propagation model is used to predict received
signal strength when the transmitter and the receiver have
an unobstructed line-of-sight path between them. In this
case, the received signal power is well known and decreases
with the squared distance. However, in many practical
indoor circumstances, there is no line-of-sight path between
transmitter and receiver.

In real world situations, the channel changes according
to the movement of the communicating entities, and many
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objects, still and moving, produce reflections, diffraction,
and scattering. Attenuation of the signal is not only a factor
of distance, but also of the obstacles between transmitter
and receiver. Even people moving in a room will affect
signal strength. Multi-path propagation may result in dead
spots where no signal can be received. Therefore, the
propagation of an RF wave in an indoor environment is
difficult to predict.28 Thus, RSSI measurements are sensitive
to multi-path, fading, non-line of sight measurements, noise,
refraction, and diffraction.

Many authors have conducted experimental and theoretical
studies of indoor propagation models,28–31 focusing on a
particular characteristic such as temporal fading or inter-floor
losses. Various models, such as COST 231 or Ericsson model
9999, among others, have been compared in ref. [32]. For
example, the Two-Ray Model29 relies on detail knowledge
about the indoor environment. However, it is difficult to
obtain such information for most mobile robot applications.
We are more interested in empirical models that are useful
in reducing computational complexity as well as increasing
the accuracy of the predictions.

5.1. Log-normal shadowing propagation model
This section describes a method used to obtain an empirical
map when the position of the antennas in our experiments is
known.

This model defines the path loss for a receiver separated
by a distance d from the transmitter as follows:

PL(d)dB = PL(d0)dB + 10n log

(
d

d0

)
+ Xσ (dB), (1)

where PL(d) is the path loss, PL(d0) is the path loss
at reference distance d0, Xσ = 10 log(X) is the zero
mean Gaussian-1distributed random variable (in dB) with
standard deviation σ (also in dB), and n is the path loss
exponent, which indicates the rate of increase in path loss
with distance d. The value of n depends on the specific
propagation environment, the type of construction material,
the architecture, and the location within the building. For
example, for buildings in areas where the transmitter is in
the line-of-sight of the receiver, n ranges from 1.6 to 1.8,
while in obstructed areas, n ranges from 4 to 6. However, in
obstructed areas of factories, the path loss exponent, i.e. n,
ranges from 2 to 3.

However, a preferred alternative is to calculate PL(d0),
n, and standard deviation σ from the data gathered by the
robot. First, the path loss (PL) at the reference distance (d0) is
measured. Next, the robot is moved through our environment
while the RF-Server (Fig. 2) logs RSSI samples. Each sample
contains the RSSI and the robot position in the map. The
robot and the AP position is used to obtain the distance
between the AP and the robot when the i measurement was
taken (di). The AP position is a known data (stored with
the map). The robot position is obtained by the localization
module. That module integrates odometry and laser readings
using a variation of the Monte-Carlo localization33 algorithm

1 X itself is not Gaussian, its log is Gaussian, so it is called log-
normal, i.e., normal in the log scale.

Fig. 4. (Colour online) Occupancy grid map of our department and
path travelled by the robot while gathering signal strength samples.

to obtain the robot position in the map. A full description of
the Robotics Integrated Development Environment (RIDE)34

that we use to develop the mobile robot applications can be
seen at http://webs.uvigo.es/vigobot/.

The logs generated are used to obtain PLM (di) for different
distances (di). Then n is determined as the value that
minimizes the function:

F (n) =
k∑

i=1

[PLM (di) − PLLN(di)]
2, (2)

where PLM (di) is the path loss measured by the receiver on
the robot, PLLN (di) is the path loss obtained according to Eq.
(1), and k is the number of samples. Using Eq. (1) in Eq. (2),
we obtain

F (n) =
k∑

i=1

[
PLM (di) − PL(d0)dB + 10n log

(
d

d0

)
+ Xσ

]2

,

(3)
F(n) has a minimum for n:

n =
∑k

i=1

[
log

(
di

d0

)
(PLM (di) − PL(d0))

]

10 × ∑k
i=1

[
log

(
di

d0

)]2 . (4)

Figure 4 shows the experimental occupancy map of our
department computed using this approach. White areas are
places where the robots can move. In the area depicted in
Fig. 4, there are three APs, but for simplicity we consider
only the signal coming from the AP labeled as “AP1” in
Fig. 4. The line on the main corridor shows the trajectory
followed by the robot and the samples gathered by the robot.
Darker points represent better coverage than lighter points.

Figure 5 shows the signal level from the robot while
travelling a section of the path described in Fig. 4, and the
logarithmic approach (Eq. (1)) without the random variable.
The parameter n for the logarithmic approach was obtained
using a similar dataset from the same robot. Note that the log-
arithmic approach is good on average, even though the data
set has a quite high standard deviation. Such a deviation is the
reason to add the random variable in model defined by Eq. (1).
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Fig. 5. Samples obtained with the robot for different distances
against values obtained with the logarithmic model (Eq. (1) without
the random variable).

Fig. 6. (Colour online) Coverage map created using the log-normal
shadowing propagation model.

After n has been obtained, standard deviation σ can be
calculated from Eq. (5):

σ 2 = 1

k

k∑
i=1

[PLM (di) − PLLN (di)]
2. (5)

Finally, after having calculated all the log-normal path
loss model parameters, path loss is computed for all cells of
the environment using Eq. (1). An example of the coverage
map created using this method is shown in Fig. 6. Since we
are interested in average values, Fig. 6 has been created by
removing the random variable from Eq. (1).

Instead of using only one value of n to obtain the coverage
in each point of the map, we have considered two different
values. The first one is used for the points in the map that are
in line-of-sight (situation 1) with the AP, and the second one
for the points in the map where the AP is obstructed by some
obstacle such as a wall (situation 2). Both values are obtained
according to Eq. (5) by considering two experimental data
sets. The first set (Fig. 5) was obtained in map positions
that have line-of-sight with the AP, and the second set was
gathered where the AP is obstructed.

Fig. 7. (Colour online) Coverage map created using the expansion
algorithm.

Two different values of n have been used to create the map
shown in Fig. 6. The first value is used for the AP line-of-sight
areas, and the second value is used for the rest of the areas.

6. Creating Coverage Maps From Samples
Three different solutions are presented in this section, which
use the data stored in the log file by RF Server module
(Fig. 2). Therefore, a preliminary step to apply these methods
is to command the robot to navigate through different areas
of the workspace while RF Server stores measurements in
the log file. As the robot moves, the RF Server module
continuously gathers the wireless signal strength from the
wireless communication device and stores it together with
the robot position.

Figure 4 shows the robot trajectory while collecting
samples used for testing different approaches. The measure-
ments used are the same as those used in the previous section.

6.1. The expansion algorithm
This algorithm obtains the coverage of a position from the
values of its neighbours. First, a set of cells is initialized with
the readings from the log file. Then Algorithm 1 is applied to
obtain the values in all the cells of the environment. The aim
is to compute coverage in unknown cells as the weighted
sum of coverage in the neighboring known cells.

Algorithm 1. Expansion algorithm
for each read cell from the redings set

for each cell nearby the read cell that has no value yet
obtain value as the average of the valuated contiguous

cells
assign value to the cell
add cell to the readings set

end for each cell
remove read cell from the readings set

end for each read

Figure 7 shows the map created by using Algorithm 1.
Note that this is a very unfavorable case for this algorithm,
since there are only coverage values in the main corridor.

6.2. The voting algorithm
As in the method presented in the previous section, the
voting algorithm uses only the log information without AP
positions. In this case, the expected RSSI values for all the

https://doi.org/10.1017/S0263574712000422 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574712000422


412 Increasing wireless reliability for mobile robots

Fig. 8. (Colour online) Coverage map created using the voting
algorithm.

cells of the environment are obtained using the RSSI values
of those points stored in the log file. The voting algorithm
obtains the value in a cell as the sum of point values where
there are measures, weighted inversely proportional to the
distance. It can be seen as if every point where there is a
measured value voted its own value, and the weight of its
vote was inversely proportional to the distance. Therefore,
closer points will have more weight than the points that are
far away. Using this algorithm, the value of a cell m(x,y) is
computed according to the following expression:

Pm = η

k∑
i=1

Pi

di

, (6)

where Pi for i = 1, 2, 3. . . k are measures obtained from the
log files, and di is the distance between a specific cell and the
point where measure i was taken. Finally, η is a normalizing
factor:

η =
∏k

i=1 di∑K
i=1

∏
r �=i dr

. (7)

Figure 8 shows the coverage map obtained using this
algorithm with the same data set that was used in the previous
section.

6.3. The closest reading algorithm
This method obtains the expected value for every cell in the
workspace as the value of the closest point in the log file.

To calculate the value in cell m(x,y), the closest point j
in the log file, i.e. the point i that minimizes the Euclidean
distance, must be found first:

j = arg i min
[√

(xm − xi)2 + (ym − yi)2
]
. (8)

This simple method obtains good results when the
measures are scattered over the entire environment. However,
it does not work very well when samples cover the area of
interest only partially, as in the case study. Figure 9 shows
the computed coverage map.

Fig. 9. (Colour online) Coverage map created using the closest
reading mechanism.

7. Experimental Results
This section includes results of some experiments performed
with real robots in the main building of our School using the
shared wireless network. These experiments allowed us to
evaluate the different solutions adopted, and to learn from
the different solutions developed for both wireless commu-
nication problems, i.e. roaming and coverage problems.

7.1. The roaming problem
To illustrate the advantage of using the roaming monitor
(RF Server module), the following three throughput-based
experiments were performed:

� Experiment 1: Standard wireless connection without
running the roaming monitor.

� Experiment 2: Wireless connection with one Wi-Fi card
that performs data transmission and the roaming monitor.

� Experiment 3: Wireless connection with two Wi-Fi cards,
one performs data transmission and the other performs the
roaming monitor.

These three experiments were repeated several times.
Similar but not identical results were obtained for the
different executions of the same experiment. The differences
between the executions within the same experiment are due
to the random nature of wireless communications, mainly
caused by environment changes and the traffic of wireless
links. For this reason, without loss of generality, only one
result for every experiment is presented.

For all experiments, the robot moved between points
A, B, and C of Fig. 10, following the sequence A->B-
>C, stayed in C for a minute, and finally went back to
A, following the sequence C->B->A. In order to evaluate
the throughput, extra traffic was generated, transferring a
big amount of data between the robot and the central
station, located outside the wireless network. Note that
the traffic generated in real mobile robot applications
developed in our laboratory usually produces much less data
traffic.

Figures 11 and 12 show the throughput obtained from
experiments 1 and 2 respectively. The throughput shown in
Fig. 11 was obtained when the robot was not running the
roaming monitor. This monitor was activated in the second
run for experiment 2, and produced the throughput shown in
Fig. 12.
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Fig. 10. (Colour online) Occupation grid map of our department
and path travelled by the robot while taking signal strength samples.
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Fig. 11. (Colour online) Throughput and signal power for the test
without roaming monitor.

In the first section of the trajectory, while the robot moves
toward B, the throughput decreases in both cases. Point B is
far from all the APs. Therefore, both executions have similar
results because there is no alternative AP to switch.

However, when the robot moves toward C, the roaming
monitor finds better APs to switch, thus obtaining a better
throughput. The worst roaming conditions occur in C,
because the robot was not able to get the new command
without the roaming monitor and it was necessary to use the
on-board GUI to command the last section of the trajectory.
This kind of situation was the main motivation to develop
the roaming monitor. Most of our mobile robot applications
do not need much bandwidth, but they require that robots
be connected to the best AP anytime. For the experiment in
Fig. 11, the robot lost connection and was not able to recover
it again. Even though this is not the most common behavior,
it has been observed in a few runs of the number of tests
carried out for this research.

During a channel scan, the robot is unable to transmit
or receive data. Nevertheless, most of the applications
developed allow delays of up to 1 s. The nature of the data
transmitted through JCentral allows for such delays. In video
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Fig. 12. (Colour online) Throughput and signal power for the test
with roaming monitor.
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Fig. 13. (Colour online) Throughput and signal power for the test
with roaming monitor using two Wi-Fi cards.

streaming, the buffers make these delays transparent to users.
However, there is a constant delay (2 to 3 s) between the
images on the camera and the GUI.

For applications where the throughput must be maintained,
we propose to use two Wi-Fi cards (experiment 3). The first
card is used for the scanning process, and the second card is
used for data transmission. Therefore, the scanning process
is independent of whether data transmission has obtained a
better throughput. The results of experiment 3 with two Wi-Fi
cards solution are shown in Fig. 13.

Again, the main difference between Figs. 11 and 13 is the
throughput value when the robot gets closer to point C. In
Fig. 11, without the roaming monitor, the connection with
the robot is lost, whereas in Fig. 13 the roaming monitor
switches to AP4, keeping the robot connected. In Fig. 12 and
13, maximum throughput is very similar and the difference
between using one or two Wi-Fi cards cannot be observed.
The throughput depicted in Figs. 11–13 is the average
over a window of few seconds. However, if throughput is
represented in the interval of each second, the difference
becomes evident (Figs. 14 and 15).
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Fig. 14. (Colour online) Instant throughput and signal power for
the test with roaming monitor using one Wi-Fi card.
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Fig. 15. (Colour online) Instant throughput and signal power for
the test with roaming monitor using two Wi-Fi cards.

As shown in Fig. 14, during a channel scan, the robot is
unable to transmit or receive data. Using two Wi-Fi cards
(Fig. 15) helps to overcome this problem.

7.2. Coverage problems
A coverage map was built for every AP. If there is no coverage
in an area that should be covered by an AP, the robot moves
to an area with good coverage for a different AP. However,
in order to show the differences of the algorithms presented
here, it is more convenient to show the coverage map for only
one AP. In the previous sections, we have shown coverage
maps for AP1 when data are only available in a small area
(Fig. 4).

In the following figures we show the maps generated by
different algorithms when data are available over different
areas. The path followed by the robot while gathering the
data is shown in Fig. 16.

Figures 17 to 19 show the coverage maps generated by the
three proposed methods for AP1 from data gathered by the
robot while following the path shown in Fig. 16.

According to the coverage map shown in Fig. 17 and
generated using the expansion algorithm, areas without

Fig. 16. (Colour online) Occupancy grid map of our department and
path travelled by the robot while taking signal strength samples.

Fig. 17. (Colour online) Coverage map using the expansion
algorithm and the log data shown in Fig. 16.

Fig. 18. (Colour online) Coverage map using the closest algorithm
and the log data shown in Fig. 16.

Fig. 19. (Colour online) Coverage map using the voting algorithm
and the log data shown in Fig. 16.
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coverage correspond to upper-left corner offices because the
signal has to traverse several walls. Similar results have been
obtained using the closest algorithm (Fig. 18) and the voting
algorithm (Fig. 19).

As expected, the decision on use of algorithm will depend
on the number of samples provided. Thus, if there are only
a few samples and the AP position is known, the log-normal
shadowing propagation model is a good choice. On the other
hand, if there are a large number of samples for most map
areas, one of the other two methods should be used. In
addition, some combined method can be used when there
are few data available.

The main reason for increased reliability of gathered data
is that it is almost impossible for propagation models to
take into account all the signal propagation impairments.
Actually, even the presence of a vending machine can modify
the coverage of its surroundings.

Regarding the difference between the sample-based
methods, an increase in the data available will cause and
increase the similarity of maps. The closest algorithm uses
rough data gathered from the readings. Because of the
deviation of the samples (Fig. 5), high differences are
observed between neighboring areas. For this reason, some
filter should be applied. Nevertheless, the voting algorithm
includes this filtering, and produces the map shown in Fig. 19.

A detailed look at all the maps created from samples
reveals the presence of some low-coverage spots, even
in areas that should have high coverage, such as the
corridor where AP is located. There are several possible
causes for these spots. As shown in Fig. 5, the first cause
for low-coverage spots is sample deviation, even though
measurements were taken in an area where transmitter and
receiver have an unobstructed line-of-sight path between
them. The second cause is the location of a wireless
device in the robot and possible interferences with other
devices on board. Moreover, it is necessary to consider
the potential wireless interference sources that can affect
wireless transmission, such as fading, multi-path caused by
reflections, diffraction or scattering, and noise. Some blind
spots caused by interference with different electrical devices,
such as the vending machines, were also identified.

8. Conclusions
We have identified and proposed different solutions for the
communication problems found while developing mobile
robot applications that rely on WLANs.

Using commercial APs and clients may bring about
situations with a very low connection throughput while the
client (robot) moves from the vicinity of one AP to the
vicinity of another AP. The source of the problem is that
the WLAND client on the robot is still connected to the
first AP and does not roam to the closest AP. The problem
becomes worse as we get higher gain antennas because the
WLAND does not decide to scan for alternative APs. A
simple and WLAND independent solution has been proposed
to this roaming problem. The solution consists in developing
a monitor that scans for alternative APs and forces the client
to roam to the closest AP when necessary. There is an impact
on client traffic because during channel scanning, the client is

unable to transmit or receive client data traffic. Nevertheless,
to minimize this impact, scanning can be done in a very
low frequency, which is enough for this kind of applications
because the robots move at a rather low speed. Maximum
robot speed is 0.5 m s−1.

Regarding the coverage problem, different methods to
create Wi-Fi coverage maps that can be used in applications
based on mobile robots that need to be connected using
the wireless communication system have been presented.
Two different approaches can be used. The first approach
is based on determining the location of APs and obtaining
the expected signal strength values in different areas of the
environment, while the second set of methods obtains the
maps from samples taken by the robots while navigating
through the environment.

In current applications, maps are used only when the robot
ends a task at a point without coverage. However, maps can
also be used in path-planning methods to avoid (if possible)
non-coverage spots. As a future work, the maps can be used
to improve Wi-Fi-based localization methods as suggested
by other researchers.35
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