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Towards an open testbed for the cooperation of robots and wireless
sensor networks
A. Jiménez, J.R. Martı́nez-de Dios, J.M. Sánchez-Matamoros, A. Ollero
Abstract— This paper describes a testbed for general experimentation in cooperative algorithms, techniques and applications involving robots and wireless sensor networks (WSN). The
objective is to establish a common framework for evaluation
and comparison of different methods and interoperations of
robots and WSNs. The proposed testbed uses an open and
modular architecture based on Player. Currently, integrated by
5 Pioneer 3AT and 40 Xbow nodes, the testbed is easily extensible
and has good scalability properties. The main experiments
already carried out focused on trajectory following, robot
localization, data muling and WSN network formation and
recovery. The testbed is operative since September 2009.

I. I NTRODUCTION
A Wireless Sensor Network (WSN) comprises of a large
number of distributed low-cost devices with computing, sensing and communication resources. Wireless communication
and battery operation facilitate their deployment with low
invasion and low installation and maintenance costs. WSNs
use mechanisms that provide flexibility, fault tolerance and
reconfigurability. In the last years they have been used in a
wide range of applications [1].
Cooperation between WSNs and mobile robots provides a
wide variety of complementarities that have attracted significant research efforts in the recent years, [2]. Networks with
distributed nodes can enhance the perception capabilities of
robots endowed with local sensors. Also, WSNs provide
robust communication coverage that can be used for robots
interaction. Besides, robots mobility and their capability to
carry equipment are useful to enlarge the communication
ranges of static WSN nodes. Note that low communication
range and power capacity are two main constraints of static
WSN. Robots equipped with mobile nodes can be used
for network deployment, [3], and repairing, [4]. Moreover,
nodes mounted on mobile robots have been proposed for data
collection, [5]: they move close to the nodes to collect WSN
data ensuring error-free data transmission and minimizing
the WSN radio’s transmission power, [6]. Also, robots have
been proposed for WSN deployment [7] and repairing [8],
retrieving of WSN data [9] and WSN localization [10] among
others.
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A. Jiménez, J.R. Martı́nez-de Dios, J.M. Sánchez-Matamoros and A.
Ollero are with Robotics, Vision and Control Group, University of Sevilla,
41092 Sevilla, Spain. {adrianjg, jdedios, jmatamoros,

aollero}@cartuja.us.es

17

Despite their rich synergies, some of the main difficulties
of research on robot-WSN cooperation are high costs and low
repeatability of experiments, which disables or hinders evaluation and comparison of techniques. Also, while a number
of testbeds for mobile robots, see for instance [11] and [12]
and for WSNs, see [13] and [14] have been developed, the
number of testbeds for robot-WSN collaboration is scarce.
Furthermore, there are important differences among them in
terms of approach, intended applications, levels of software
abstractions, capabilities, etc. Some are focused on specific
aspects: Mobile Emulab, [15] is mainly focused on WSN
experiments providing a testing platform for WSN mobile
nodes whereas Explorebots [16] concentrates on the robotics
approach. ISROBOTNET [17] was designed as a response
to the necessities of a concrete application within the framework of a project. The Clarity UbiRobot testbed [18] has a
balanced approach. In fact, the lack of a common testbed is
considered of a major drawback for the development of the
topic, [19].
This paper describes an open testbed for cooperation of
static and mobile wireless sensor nodes and robots. One of its
main objectives is to facilitate and speed up the development,
validation and comparison of techniques involving cooperation of robots and WSNs. The testbed proposed in this paper
is being developed in the EU-funded Cooperating Object
Network of Excellence CONET (INFSO-ICT-224053). It
uses an open architecture, which can be easily extended
to other hardware elements and have good scalability and
extensibility features. The testbed allows the abstraction of
each hardware element regardless of its sensing and computing capacities and treats them as entities. All these entities
have the capability of communicating with each other. This
approach allows the tested experiments to be focused on
either WSN or robotics techniques, as well as to involve
both at the same level.
The structure of this paper is as follows. Section II
describes the main requirements and some intended experiments of the testbed. The software architecture is provided
in Section III. Section IV presents the hardware elements
currently involved in the testbed. Section V briefly depicts
some experimental results. The final sections are conclusions
and acknowledgments.
II. R EQUIREMENTS AND I NTENDED E XPERIMENTS
The requirements of the proposed testbed are driven to
service both scientific community and future industrial applications. Many of these envisioned techniques, applications
and experiments can be found in the Cooperating Objects
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prospective analyses in [20] and [19]. According to them
the following set of basic properties should be complied by
the proposed testbed:
•

•
•
•
•
•
•
•
•

Generality and openness,
Scalability,
Timeliness (use of real-time systems),
Reliability and robustness,
Remotely access,
Mobility (node, sink or event mobility),
Heterogeneity,
Flexibility,
Security.

The architecture of the testbed should provide interoperability between heterogeneous systems with different sensing,
computing and communication capabilities. For sake of
openness, it should also provide compatibility with existing
systems, standards and operating systems. Testbed flexibility
is also desired allowing different scenario configurations
such as obstacles, nodes located at arbitrary (user defined)
locations, etc. The testbed should allow indoor and also
outdoor scenarios to cover a broader range of experiments
and functionalities. Regarding operation, the testbed is required to allow remote interaction: experiment allocation,
scheduling, execution, monitoring and logging as well as
basic operation capabilities. It should use well-documented
tools including manuals, tutorials, libraries, examples and
basic functions to facilitate the programming for non-experts,
etc.
Besides these general features, we also obtained feedback
and intended experiments from questionnaires distributed
among potential testbed users from both, academic and
industrial communities. A wide variety of experiment approaches are foreseen. Some of them are mainly focused on
WSNs including analyses of protocols at different layers;
analyses of quality of service (QoS) and radio link quality
estimation; implementation at different levels of previously
designed prototypes for network architectures and its validation, among others. Some other experiments are based
on multi-robot schemes in applications such as scenario
patrolling, safety and security. This includes using techniques
such as optimal robot mobility to maximize perception;
optimal multirobot task allocation techniques, among others.
Another experiment approach of interest according to the
results of our query was the cooperation of robots and WSN
at the same level, working as peers in applications such as
data muling with multiple robots, 3D localization techniques
for static and dynamic nodes and robot-WSN collaboration
to cope with uncertainty in sensors and communications.
A successful testbed architecture needs to accommodate
the specifics of each cooperating element involved in a
scalable and cost-efficient way. The testbed software and
hardware architecture has been designed to comply with
these requirements and to fulfill these experiments needs,
as will be analyzed in Section III-C.
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Fig. 1.

General scheme of the proposed testbed

III. A RCHITECTURE
Fig. 1 shows a general scheme of a typical deployment of
the testbed. The following main elements are involved:
• autonomous robotic systems. Equipped with extra
computational and sensing resources, they will be able
to freely move in a controlled and repeatable way on
the scenario. Besides, each system will be also equipped
with a WSN node which could be part of the WSN.
• WSN nodes. Two types of nodes are considered: static
WSN nodes and mobile WSN nodes, which could be
carried by people as well as integrated in the robotic
systems. The nodes will be equipped with sensor boards.
The architecture designed allows communication among
every element involved in the testbed despite their heterogeneous sensing, computing and wireless communication
capabilities. Thus, interoperation between robot and robot,
within the WSN and robot and WSN is possible. Also, the
team of networked robots can collaborate as a unique entity
to achieve a global objective.
A. Integrating Software Platform
While WSN nodes have low-sensing, low computational
resources and low-communication ranges, the robots can be
equipped with medium-high computational, perception and
wideband communication capabilities and are able to move
freely on the scenario. The approach selected to cope with
the above requirements is based on a layered architecture
in order to deal with interoperability among heterogeneous
elements. These layers provide standard interfaces with user
programs in order to ensure openness, compatibility and
extensibility. The objective of the hardware abstraction layer
is to manage the particularities of the systems. The testbed
experiment software layer includes testbed user programs
and monitoring and logging applications. These programs
will access the objects sensors and actuators through the
abstraction interfaces, independently of hardware particularities.
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Fig. 2.

Tesbed layered architecture

In this scheme Player is used as the hardware abstraction
layer, Fig. 2. Player is a free software under GNU public
license. It consists of two modules, [21]. Player Server
interacts with the hardware elements, for instance to read
the sensors, write commands to actuators and configure
devices. Player Client connects to the Player Server through
TCP/IP and provides device-independent interfaces with the
application programs. The allocation of the Player Server is
local to the hardware devices but the Player Clients can be
executed in any machine with TCP/IP access to the servers.
These features together with its modularity and flexibility
have made Player a widely applied platform in robotics, [22]
and [23].
Player is a robotic specific platform and includes modules
for a wide variety of devices, sensors and robots. It was
necessary to specifically develop a general Player driver for
Xbow WSN motes and redesign the corresponding Player
interface to be compatible with a wide variety of WSN nodes
and ensure efficient interoperability.
B. Software Architecture
Fig. 3 shows the general software architecture of the
testbed. The WSN nodes are equipped with sensors suitable
for the intended experiments. In the general case, one WSN
node is mounted in each robot, making it part of the network.
Player is responsible for low level access to the hardware
and includes drivers to allow bidirectional information interchange with the robotic platform, the sensors in the robots
and the WSN nodes.
One Player Server process should be devoted to each of
the robots. Also, one Player Server process should be devoted
to the WSN gateway. These Player Servers will receive data
from all the sensors, send commands to the actuators and
configuration parameters to the devices. A Player Server
running in one robot communicates with the robot motion
controller which provides velocity control and odometry,
receives images from the camera and readings from the laser
and can gather data from the WSN node or send commands
to it.
For flexibility the testbed uses transparently the developed
Player WSN driver to communicate with WSN nodes and the
WSN gateway. A clean interface consisting of a set of general
purpose messages is used for the communication between
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Fig. 3.

General scheme of the testbed software architecture

the WSN and this Player driver through a RS232 connection. This WSN-Player interface has been also designed
specifically for the testbed to ensure its interoperability and
extensibility, see Section III-C.
A local embedded PC-104 is mounted on each robot. Although Player does not impose constraints in the location of
the processor where Player drivers or testbed user programs
are executed, a local processor in each robot was preferred
due to the bandwidth requirements of the onboard sensors.
The testbed infrastructure will also provide experiment
monitoring and logging tools. They are Player Client programs and they have access to the Player Servers of all
components using the wireless TCP/IP links for gathering
data and experiment control. They also provide modules for
real time monitoring, including visualization and logging.
C. WSN-Player interface
A message format interface between the WSN and the
Player Server was defined so that the internal WSN behaviour including the messages interchanged within the
network, protocols, programming languages or operating
systems, are transparent and independent of Player. The same
interface is used for communication Player-WSN nodes and
Player-WSN gateway. The objective is to provide the highest
flexibility to cope with the variety of different needs from the
users. The only assumption made is that the messages used
to send and receive data out of the WSN should comply with
the WSN-Player Interface for their correct interpretation.
These WSN-Player interface bidirectional messages consist of a header with routing information and a body, which
depends on the type of message:
• Incoming Messages. Messages from Player to WSN.
It includes general purpose messages such as data
messages (e.g. robot sends its position and status to
its attached WSN node), requests (e.g. robot requests
its sensor readings to the WSN node) and commands
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(e.g. robot switches off its attached WSN node radio
transceiver).
• Outgoing Messages. Messages from WSN to Player.
It includes general purpose messages (WSN requests,
commands and user defined data) and also some
application-oriented messages (health, Radio Signal
Strength Indicator -RSSI-, sensor data, alarms).
This WSN-Player interface message format is simple
enough for non-experts and versatile enough to fulfill the
requirements of a wide range of experiments.
IV. H ARDWARE
Two main elements are available in the current state of
the testbed: 5 autonomous robots and a WSN with tenths of
WSN nodes. Additional testbed infrastructure is also used.

Fig. 4.

One of the testbed robots and its onboard sensors

A. Hardware elements
1) Autonomous robots: The testbed robotic platform is
the Pioneer 3-AT manufactured by MobileRobots, equipped
with a PC-104 embedded PC, a Wireless a/b/g/n Bridge and
several sensors including a Hokuyo UTM-30LX 2D Laser, an
IEEE1394 camera and one WSN node, Fig. 4:
• MobileRobots Pioneer 3-AllTerrain. Each skid-steer
holonomic platform has a size of 500x490x260 mm,
weight of 12 Kg. and around 2-3 hours of autonomy.
• Hokuyo UTM-30LX. It has a range of 30 m and 270
degrees, a resolution of 0.25 degrees and 25 ms/scan.
• Imaging Source IEEE1394 DFK 21BF04 camera.
• Advantech PCM-3372 PC-104. A ULV 1GHz Processor
with 1024 MB DDR memory and 4GB CompactFlash
Card.
2) Wireless Sensor Network: The testbed WSN is based
on Xbow Mica2 nodes, Fig. 5. Mica2 nodes are general
purpose nodes with wireless communication in the 916 MHz
band and ATMega128 processor. The nodes are equipped
with Xbow MTS400 or MTS300 sensor boards, see Fig. 5. For
further information see [24]. The currently available sensors
are: temperature, humidity, pressure, light, CO, CO2 and H2
sensors, 3-axis accelerometer, 3-axis magnetometer, compass
and CMUCAM2 and CMUCAM3.
3) Other hardware elements: A standard PC with Ubuntu
8.04 LTS is used as Monitoring PC. It executes programs
with visualization and data logging modules. An IP camera
is also used to provide a general view of the scenario.
Moreover, an Ethernet-WiFi a/b/g/n access point is used to
connect the Monitoring PC with the others elements of the
testbed.
B. Extensibility to other elements
Besides all the hardware elements currently in use in the
testbed, the modularity of the software architecture together
with the Player features allow the easy and transparent
incorporation of new elements.
The testbed architecture defines interfaces between the
user programs and the different hardware elements. Player
provides support for a number of robotic platforms, models
and manufacturers, which can be straightforward added to
20

Fig. 5.

Xbow Mica2 node with MTS400 and MTS300 sensor boards

the testbed. It also provides support for new sensors that can
be mounted on the robotic platforms. Moreover, the testbed
WSN can be extended with any type of WSN node models
and sensor boards as long as they comply with the WSNPlayer interface defined in Section III-C.
C. Physical connections and interoperability
Fig. 6 shows the physical connections among elements
involved in the testbed. In each robot, its motion microcontroller and sensors onboard are physically connected to
each robot local processor. A WSN node is also physically
connected to each Pioneer robot. The WSN gateway is
connected to the Monitoring PC, which allows access to the
data of the entire WSN network. In both cases the connection
is carried out via RS232 using the UART module of the
nodes.
Furthermore, since the PC-104 of all the robots and the
Monitoring PC are linked via a WiFi network, the Player
Client of all robots and the programs running in the Monitoring PC are also networked.
V. E XPERIMENTS
The testbed infrastructure offers to the user a set of programs and utilities to facilitate the development and enhance
the performance of experiments. The testbed architecture
provides the following infrastructure: definition of WSNPlayer interface, Player drivers for all the involved elements
and experiment monitoring and logging tool.
Also, a number of basic functionalities for WSN and
robots are provided in order to facilitate the experimentation
for experts in only one of the fields involved. Researchers
mostly involved in WSN community have at their disposal
robot functions for obstacle avoidance, basic Particle Filter
localisation using laser and odometry and trajectory following, among others. Researchers specialised in robotics are
offered functions for WSN sensor data gathering, network
formation and network recovery among others.
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Fig. 7.
Picture of the Pioneer robots in a MRTA experiment in the
laboratory building of the School of Engineering of Seville

Fig. 6.

Physical connections among the testbed elements

Below are some experiments that illustrate the capabilities
of our testbed.
Multi-Robot Coordination. The objective is to develop,
validate and compare (with high repeatability) different
multi-robot coordination techniques all of them performed in
the same conditions. Among others, this includes multirobot
task allocation (MRTA) approaches [25] such as Marketbased methods with different metrics [26]; multi-vehicle
coordination and obstacle avoidance using different strategies
such as path/velocity planning; analysis of heterogeneity in
multirobot coordination. Fig. 7 shows a photograph of the
testbed during an MRTA experiment.
Localisation using RSSI. The objective is to localize a
mobile object (robot) using the radio signal strength indicator
(RSSI) gathered from different WSN nodes with known
locations, see Fig. 8.right; WSN nodes are able to obtain
a RSSI measurement, which grows in proportion to the
distance between nodes. Nevertheless, the reception of this
signal is extremely noisy (Fig. 8.left). These measurements
will be sunk into the monitoring processor connected to the
WSN gateway, where a localization algorithm will fuse all
the information and will get an estimation of the location of
the robot; these algorithm can be based on Gaussian Filters
(EKF, IKF) and Non-parametric Filters (Bayes, PF) [10].
Network repairing and healing. The objective is to
develop, validate and compare algorithms in which the robots
are used to repair the connectivity of the WSN network. This
involves techniques for WSN problems detection including
malfunctioning WSN nodes and radio connectivity holes.
Once detected, the mission of the robots for WSN healing
using several strategies will be researched: robots acting as
mobile nodes; robots collecting and muling the data from
nodes disconnected from the rest of the network; robots
deploying new nodes in zones of special interest and also
21

Fig. 8. Left) RSSI-Distance relationship in an open scenario. Right) Basic
scheme of the experiment

robot replacing damaged nodes.
Active cooperative perception. Test of algorithms to
explore the scenario in a cooperative and distributed way
using cameras, laser and WSN sensor readings. The objective
is the optimization of the movement of each robot in order
to achieve the best images, laser readings and WSN sensors
readings of the scenario and at the same time be energy and
time efficient, using techniques such as POMDPs, [27].
VI. C ONCLUSIONS AND F UTURE W ORKS
This paper describes an open testbed for the cooperation
of robots and WSNs. Its objective is to accelerate the
development and validation of techniques involving cooperation of robots and WSNs as well as to facilitate their
comparison. The testbed has been developed in the EUfunded Cooperating Object Network of Excellence CONET
(INFSO-ICT-224053).
The testbed uses a modular and flexible software architecture based on Player that considers a number of heterogeneous elements at the same level. Currently integrated by 5
Pioneer 3-AT and tenths of Xbow WSN nodes, the testbed
is easily extensible and has good scalability properties.
The testbed is operative since September 2009. The main
experiments already carried out focused on trajectory following, robot localization, data muling and WSN network
formation and recovery. A video of the first demo of the
testbed with some of these experiments can be observed from
[28].
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The testbed experiments can be performed in indoor and
outdoor scenarios. Thus, incorporation of Unmanned Aerial
Vehicles (UAVs) and the combination with outdoor testbeds
will be the subject of future research and development. The
improvement of human-robot interaction including remote
operation is object of current work.
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