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Abstract. During the last years, research on data processing in wireless
environments has increased due to the emergence of mobile devices that
are able to obtain real environmental sensory information (e.g., smartphones). Testing the different approaches in a real environment is not
always possible due to high costs of deployment of hardware and users
in many cases. However, the real world complexity can be simplified according to our needs as information systems always deal with simplified
abstractions of real objects. For example, a system considering the location of a real car could simplify it as a certain entity with the same
movement path. This can be achieved by using software simulations,
which obtain approximated results reducing the costs. Nevertheless, it
is difficult to develop an accurate real-world model to simulate the environmental conditions (e.g. uneven tracks, dynamic wireless network
coverage, etc.).
We introduce in this paper a hybrid simulation platform that is able to
recreate real-world scenarios more accurately than software simulations.
For that, it uses small affordable robots equipped with sensors in controlled real environments as counterparts of real moving objects and the
scenario where they are involved. This enables testing the system considering real communication delays, real sensor readings, etc., instead
of having to simulate such events. Finally, we present the experimental
evaluation of the system using LEGO Mindstorms robots to simulate a
real rowing race at the San Sebastian bay.
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1

Introduction

Nowadays there exist more and more mobile devices, such as smartphones,
tablets, or laptops with different types of sensors integrated. Because of their
small size, they can be attached to moving objects (e.g. cars, people, etc.) and
thanks to their communication mechanisms (Wi-Fi, Bluetooth, 3G, etc.), they
are suitable for remote sensing. Thus, research in fields such as mobile computing or data mining are considering these devices to develop systems to manage
sensory information obtained using wireless communications.

To validate these systems researchers must perform tests, but performing
real tests is not always possible. For example, testing a scenario where there
exist a great number of cars and people moving around a city have high costs of
deployment. However, from the point of view of a data access system the complexity of the real world can be simplified according to the information it wants
to obtain. In the previous example, if the data access system is interested in the
location of the cars and people, they can be considered as simpler entities with
the same movement path. For this reason, researchers use software simulation
to test their approaches that dramatically reduce the testing costs. The main
problem with software simulations is that the fidelity of their results has been a
concern. Obtaining a real-world model to simulate environmental conditions as
wireless communication delays or disconnections, sensor failures, etc., is a real
challenge.
We propose in this paper a system to carry out hybrid simulations of data
access systems, which is able to recreate some real-world scenarios more accurately than software simulations. Real objects, which are abstracted in software
simulations, are simplified in our system by using real moving objects with similar characteristics. For this, we use small affordable robots equipped with real
sensors in controlled real environments. Using these robots we are able to test the
system considering real aspects that are difficult to simulate, such as communication delays, unexpected events, and sensor accuracy. For example, considering
a system that analyzes in real-time the sensory data acquired in a sport event
where involved moving objects are equipped with location sensors, video cameras, and wireless communications, generate a real-world model to simulate the
environmental conditions is a challenging task. However, using our system some
elements will be simulated (e.g., the scale of the scenario) while the real hardware
employed leads to obtain real environmental conditions.
The rest of the paper is organized as follows. In Section 2 we present the
motivation and technological context behind our system. In Section 3 we present
the system architecture. In Section 4 and Section 5 we present how moving
objects and the base station are modeled in our system, respectively. In Section 6
we present a prototype developed to test our system. In Section 7 we review some
interesting related works. Finally, in Section 8 we present our conclusions and
future work.

2

Context

In this section we explain a sample use case to motivate the development of a
hybrid simulator. Then, we will explain the technological context of our system.
2.1

Motivation

The use case we are considering as example of wireless data access system [13]
deals with the acquisition of sensory information (i.e. location, camera video,

etc.) of a sport event, the rowing race of San Sebastian (Spain). With this information, the system is able to help the technical director (in charge of the live
TV broadcasting of the race) to select the best camera views.
A software simulator was used to test this system fed with the GPS locations of all the rowing boats obtained every second during a race. However, one
of the problems of this test was that, even then the GPS locations were real,
other sensor information (for example, the camera video streams) was simulated.
Moreover, to test a different rowing boat configuration (for example, changing
their movement path) new GPS traces are needed and obtaining them is difficult
as the race takes place once a year.
In Table 1 we compare three different approaches to test a data access system
(real test, software simulation, and our system), according to different criteria:
a) realistic communication delay, how accurate is the behavior of the communications?, b) sensors used, how realistic are the sensors considered? , c) scenario,
how much space is required to test the scenario?, d) repeatability, is easy to
repeat the test?, e) interaction with the environment, how accurate are the environmental conditions?, f) time lapse, how much time is required to perform
the test?, g) cost, how high is the cost to perform the test?.

Dealing with
Real test Simulation Our system
Realistic communication delay
33
7
3
Sensors used
33
7
3
Scenario
7
33
3
Repeatability
7
3
3
Interaction with the environment
3
77
3
Time lapse
7
33
3
Cost
7
33
3
Table 1. Comparing the different approaches to test a data access system: using real
tests, software simulations, and our system.

Compared with a software simulation, our hybrid simulation provides real
communication delays (as it uses real communication mechanisms), real sensors
(that obtain real data), and real environmental conditions. However, the duration
of the test in our system is higher than in a software simulation (for example,
because of the maximum sample acquisition rate of the sensors), and the cost of
deployment could be also slightly higher. Compared with a real test, our hybrid
simulation requires less space and infrastructure for the scenario (as it can be
scaled), it is easier to repeat the tests (for example to obtain the results with
new restrictions), the duration of the test could be reduced, and the cost is much
smaller.
Therefore, our system allows to perform hybrid simulations of different scenarios where moving objects equipped with sensors capture and store data. To
configure a specific scenario, the user selects its location and scale as well as the

amount of moving objects involved. For each object in the scenario, we have to
specify its sensors and the path or movements that it is going to follow.
2.2

Technological Context

We have decided to use LEGO Mindstorms [2] robots in the prototype of our
proposed system to represent real moving objects (see Section 6). LEGO Mindstorms is a basic but powerful, flexible, and affordable robot kit that was initially
designed as an advanced toy, but is widely used to develop valuable designs [6]
and in academic environments [4, 7, 9].
Architecture: As we can see in Figure 1, the NXT brick has a main processor
and a co-processor. First, an Atmel 32-bits ARM processor is mainly used to
control communication with Ultrasonic sensors, and USB/Bluetooth communication mechanisms. An Atmel 8-bits AVR processor controls the rest of sensors
and servo motors connected to the NXT. Before starting to code programs for
the NXT, we have to consider the limited capabilities of the robot’s hardware,
since we have only 256KB of FLASH memory and 64KB of RAM inside the
32-bit ARM processor, so the program has to be optimized to run on it. Each
NXT can have attached up to 4 sensors and 3 motors to the available ports. In
addition, the NXT is equipped with USB and Bluetooth 4.0 communications.

Bluetooth
Bluecore 4.0

Sensor
Sensor
Sensor

USB

Main Processor
ATMEL ARM 7

Co-Processor
ATMEL AVR

Motor
Motor

Sensor

(a)

Motor

(b)

Fig. 1. The NXT brick (a) and its main components (b).

Sensors: The Most popular LEGO Mindstorms sensors are the following:
– Ultrasonic, that returns the distance to an obstacle.
– Touch, that detects collisions.
– Sound, that measures sound levels.

– Light/Color, that detects different levels of grey or color scale.
A complete description of all sensors with their characteristics, schema and operations is available in the LEGO MINDSTORMS NXT Hardware Developer Kit 1 .
However, the LEGO NXT brick is an Open Source hardware system and so we
can easily find third-party sensors. For example, Hi-Technics2 , Mindsensors3 ,
and Dexter Industries4 are some of the companies that distribute third-party
sensors such as:
–
–
–
–

Compass, that returns the direction.
3-Axis Accelerometer, that measures the acceleration in three axis.
Gyro, that measures the number of degrees per second of rotation.
Magnetic, that can detect magnetic fields.

Figure 2 shows some of these sensors. All of them use the same interface to be
connected to the NXT, a 6-position modular connector that features both analog
and digital interfaces. However, the NXT brick is not limited to these sensors,
for example, we can attach an external GPS or a camera via Bluetooth [11].

Touch Sensor

Compass Sensor

Ultrasonic Sensor

RF ID Sensor

Fig. 2. Some of the available sensors for the NXT.

Software: NXT-G is the standard programming software for NXT and is included in the kit. NXT-G is based on LabVIEW graphical programming software,
created by National Instruments and released in December 2006. Nevertheless,
LEGO has released the firmware of the NXT as Open Source, so we can install
other firmware on the NXT and create more complex programs for the robot
using other popular programming languages. For example, RobotC [10], which
is based on C, is distributed as Proprietary Commercial Software, and leJOS
NXJ [1], a high-level Open Source programming language based on Java, that
is the firmware we have chosen for NXTs in our prototype.
1
2
3
4

http://mindstorms.lego.com/eng/Overview/nxtreme.aspx
http://www.hitechnic.com/
http://mindsensors.com/
http://dexterindustries.com/

3

System Architecture

Our system consists of two main parts shown in Figure 3: 1) the selected moving
object responsible for collecting data from all its attached sensors, and 2) the
base station which is in charge of receiving data from all the moving objects
and controlling them. This architecture allows the system to connect different
moving objects, that are used to represent real objects (e.g., cars, rowing boats,
people, etc.). Also the base station allows the user to access the data of the
sensors in real-time and control the robots.
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Fig. 3. System Architecture.

Therefore, the equivalence between performing tests in a real scenario and
using our hybrid simulation system can be summarized as follows. We use LEGO
Mindstorms robots as simplified abstractions of the real moving objects in a real
scenario, as they can be controlled to perform similar movements. Instead of
using certain real sensors, robots are equipped with (real) LEGO sensors that
can perform nearly the same tasks and acquire the same type of information
than we want to test. Finally, sometimes we do not need to test the system in
the same scenario; instead we can deploy a simplified version of the real scenario
(for example, at a smaller scale).

4

Simulating Moving Objects

The moving objects that our system manages are a simplified version of real
objects to simulate, and the system controls them during the hybrid simulation
to behave as the real ones. Thanks to this, the system is able to capture real data
from the environment as real moving objects could do. To perform these tasks,
our moving object has three main modules that we explain in the following.

4.1

Sensor and Movement Managers

As we have explained in Section 2.2, we can manage different types of sensors
for our selected moving objects, so we need a module that can handle them and
that allow us to add new sensors easily. Each sensor has different control options,
different access functions, and provides different data, so the module has to deal
with this heterogeneity.
We have analyzed several of the available sensors (e.g. sound, light, compass,
accelerometer, etc.) to be integrated in our moving object, their purpose and
the data they generate. We have noticed that, among the data provided by the
sensors, we can get integer or float numbers (depending if we are measuring the
distance to an obstacle or the angular velocity of a turn taken by the moving
object). Also, we can receive different number of parameters from sensors too.
For example GPS returns latitude and longitude data, an accelerometer returns
the acceleration in the X, Y, and Z axis, and a compass only returns the direction.
The movement manager module receives orders from the base station and
decodes them to send movement orders to the proper motor. Each of the motors are independent and can perform two different movements: backwards and
frontwards. By combining these movements and by using different motors, the
movement manager module is able to recreate the behavior of real-world moving
objects.
4.2

Communication Manager

Once we have the data from the Sensor Manager, the Communication Manager
module is in charge of sending it to the base station. We have developed a
communication protocol to send all this different information from the sensors
to the base station.
The protocol consists basically on a message generated by using the code of
the NXT, the code of the sensor, and the data we want to send. The quantity
of data depends on the sensor, so we have to separate each parameter while
making the message easy to be parsed on the base station side (Table 2 shows
some sample sensor messages of the communication protocol).

Compass Sensor
NXT code Sensor Code Direction
GPS Sensor
NXT code Sensor Code Latitude Longitude
Accelerometer Sensor NXT code Sensor Code X-Axis Y-Axis
Z-Axis
Table 2. Sample of communication messages used by the system.

Once the message has been generated, the communication manager has to
send it to the base station. The communications this module manages are built
over a Bluetooth layer (Bluetooth is the default communication mechanism in

NXT brick and leJOS includes Bluetooth libraries in its API), but we could use
other communication mechanisms as Wi-Fi or ZigBee [5].
Due to Bluetooth limitations, the maximum number of active slaved devices
paired to the master device (base station) in a piconet is seven. This number
may be higher if the implementation handles parked connections. If we have
inactive or parked devices, we can connect up to 255 devices, which the master
device can bring into active status at any time.

5

Base Station Side Application

The other main component of our system is the application on the base station
side. The purpose of this program is to collect all data sent by moving objects
connected to it and display this information in the Graphical User Interface
(GUI). Also, it enables the user to control the moving objects. For all these
tasks, the program uses different modules, explained in the following.
– Graphical User Interface
The GUI is an important part of the hybrid simulator because it needs to
ease the user interaction. All data that the moving objects capture and send
to the base station have to be shown in the GUI according to their types. For
example, for some data types such as the location, it is necessary not only
to show the last data received, but also a history with all samples received
from the beginning. Moreover, the GUI also has to be capable to show to the
user in real time all the video streaming of the cameras. Therefore, the GUI
module uses tables, graphs, and external Geographical Information Systems
(GIS) to display the information easy and effectively.
– Communication Manager
This module is very similar to the Communication Manager module explained in Section 4.2. It is in charge of receiving all the messages from
the moving objects and also of sending them control messages. This module is built over a Bluetooth layer too, but this time the layer depends on
the Operating System installed. In our prototype we have used Bluecove5
as Bluetooth Java library that interfaces with Microsoft Bluetooth stack in
Windows (XP and Vista) and also with Mac OS X.
– Data Processing
This module processes data received from the Communication Manager.
First, all data is parsed and processed to be treated and displayed according to the source. As in the communication protocol shown in Table 2, the
message received contains the code of the moving object and the sensor, so
when we decode it, we have to send the information to the GUI. Also, this
information will be stored in a database to keep all the information received
to be analyzed later if it is necessary.
This module also manages all the robot movement orders they have to perform. From the GUI, we select the desired order and this module generates
5

http://bluecove.org/

the message that the Communication Manager module will send to the moving object. In addition, this module controls also all the camera movements
so, we can control remotely what each camera is viewing.
– Database Manager
Although all the information received from the moving objects is shown in
the GUI, it is also interesting to store it to be analyzed later. This could
be interesting because occasional anomalies can occur during the test (for
example, a sensor could obtain a wrong measurement) and it is difficult to
realize on them in real-time. So, storing the data in a database allow us to
analyze this information.

6

Experimental Evaluation

We have developed a prototype of the system proposed to perform the hybrid
simulation of the scenario explained in Section 2.1. Figure 4 shows the GUI of
the prototype where three main areas can be observed:

Fig. 4. Graphical User Interface of the prototype developed.

– Map section, where the real-time location of the simulated moving objects
is shown using Google Maps6 as GIS.
6

http://maps.google.com/

– Camera section, that shows the video-stream of the cameras and enables the
user to control them.
– Sensory Information section, where data obtained by sensors is shown both
in a tabular way and using charts.
In our hybrid simulation we use four LEGO Mindstorms robots to simulate
the rowing boats, with a software application (developed using leJOS v0.917 )
that implements the ideas explained in Section 4. Each robot is equipped with
a Bluetooth SysOnChip GPS and an Edimax IP camera. Moreover, we have
attached also to the robots a compass, a gyro, and ultrasonic sensors to obtain
additional information. The configuration of the robots is shown in Figure 5,
notice that all the connection wires have been removed for the picture.

Compass
Sensor

Camera

Gyro
Sensor

GPS
Ultrasonic
Sensor
Servo
Motor

Ultrasonic
Sensor

NXT Brick

Servo
Motor

Fig. 5. LEGO Mindstorms configuration used in our test.

In the real rowing race there are four rowing boats involved, each of them
is equipped with a GPS transmitter and a video camera. The boats leave from
the start line, they sail 1.5 miles, and they come back after making a turn in
the sea. To recreate the movement path of the rowing boats, each robot has
been programmed to move straight and back to the beginning after performing
a 180◦ turn. The different speeds of the boats have been simulated by adjusting
the robots to experience random speed changes during the test (depending on
the part of the race). With this configuration, Figure 6 shows a picture of the
start of the real rowing race and the same moment in our test.
One of the most interesting sensory information in this scenario is the location
of the boats, as it can be used for example to check the distance between them.
In our tests, the robots obtain their location every second from the GPS and
send this information to the base station. Then, the base station translates these
locations to the simulated bay of San Sebastian by scaling it to be represented
over the map. Figure 7 shows part of the path followed by the robots in our
7

http://lejos.sourceforge.net/

(a)

(b)

Fig. 6. Image from the real scenario (a) and image from our test (b).

scaled scenario and the translation to the rowing race scenario8 . Notice that the
GPS accuracy (around 2 meters) makes the paths in Figure 7(a) to cross each
other and do not follow a straight line. This is because the distance between
the robots was around 20 cm, and a imprecise measurement of the GPS (e.g.,
1 meter) in the location of a robot makes it to appear outside its lane. To deal
with this, in the translation of Figure 7(b) we have scaled the distance between
the robots and the distance they travel each second. Then, we have applied the
same error (at maximum was 2 meters) that the GPS obtained at each sample.
Notice that the GPS error in Figure 7(b) seems smaller and that is because of
the scale of the image.

(a)

(b)

Fig. 7. Location obtained by the GPS of the robots during the test (a), and the translation to the simulated scenario (b).
8

The represented part corresponds to the start/finish of the race; so, for each boat
with the same color, it shows its leaving of the harbor and its returning.

Another interesting sensory information is the video stream that the cameras
are capturing. We have recorded the whole event and we present in Figure 8 some
interesting captures. The captures are obtained for the same time instants for
the cameras on board “Robot2”, Figure 8(a), and “Robot3”, Figure 8(b). Notice
that at the first time instant both cameras are recording their adjacent robots,
so in the real scenario both cameras would be recording the adjacent boats.
Camera from “Robot2” is viewing its adjacent robot, “Robot3”, and camera
from “Robot3” is viewing its adjacent robot, “Robot2”. The cameras we used
in our tests can be remotely controlled as the real cameras in the race; so, we
rotated the camera on board “Robot2” horizontally to the left during the test,
and the effect of this rotation and the different speeds of the robots can be
observed in the rest of the captures. The camera on board “Robot3” was not
rotated and so, it views “Robot2” during the rest of the captures.

(a)

(b)
Fig. 8. Real captures of Robot2 camera, (a), and Robot3 camera, (b), during a test.

Analyzing the results of the test, the prototype could be useful to train
technical directors offline. A technical director must make quick decisions in
a live broadcasting to select the camera whose view must be broadcasted. A
trained technical director is able to make right decisions in such a scenario, but
he/she have to be prepared for unexpected events (for example, a boat crash).
Therefore, our prototype could be used to simulate a rowing race and the robots
can be controlled to randomly stop or the cameras can be remotely turned off.

7

Related Work

The use of small robots to simulate the behavior of real moving objects has been
also considered when testing vehicle scenarios. For example, in [12] they present
a system to test Plug-in Hybrid Electric Vehicle scenarios using robots. Their
testbed only take into account these scenarios, but we share some common points
as the development of a GUI that easily helps the user to analyze the information
captured by the robots. In [8] they also use small robots to test real scenarios.

This work is focus on RFID communications between vehicles, so, they use real
RFID equipped robots. They program the robots to reproduce real scenarios as
we do, but they are not interested in sensory information that the robots could
provide.
The term hybrid simulation has been previously used in [3]. In this work, the
authors remark that “the fidelity of simulation results has been a concern”, and
that a platform that improves software simulations is needed. Therefore, they
presented a hybrid simulation platform used for wireless application/protocol
testing, which combines software simulations with real hardware for communication. While we are concerned about moving objects and data access systems,
we share the idea of using real hardware to increase the fidelity of the testing of
systems.
As we previously commented, LEGO Mindstorms robots are widely used in
academic environments thanks to their affordable costs and the ease of their
programming. In [6] they explain the features that make LEGO Mindstorms a
suitable platform for college students. Among the many works that use LEGO
Mindstorms for teaching, in [7] the authors show the benefits of using these
robots for teaching introductory programming. In [4], LEGO Mindstorms are
used to teach C language in a more appealing way for students. Finally, in [9] the
authors present a practical robotics engineering course using LEGO Mindstorms
instead of advanced robots. They explain the results of their experience with the
students showing that using this affordable robots is enough to introduce them
to robotics typical challenges as computer vision, autonomous navigation, etc.

8

Conclusions and Future Work

We have presented an approach for hybrid simulation of wireless data access
systems based on the use of small affordable robots. The combination of real
hardware with the simulation of the movements or the scenarios, allows our
system to increase the fidelity of the tests performed for a wireless data access system compared to the use of software simulations. Therefore our system
presents the following benefits:
– It allows testing in simple but real scenarios as a scaled version of the real
ones. Therefore, the scenarios will require less area to be deployed and less
infrastructure.
– It uses real sensors and communication mechanisms, so wireless data access systems can be tested in environments with real failures, accuracy, and
delays.
Our system allows to perform hybrid simulations of different scenarios where
moving objects equipped with sensors capture and store data. To configure a
specific scenario, the user selects its location and scale as well as the sensors and
movement paths for each moving object involved. To improve Bluetooth limitations, as future work, we plan to extend the prototype considering Wi-Fi and
ZigBee communications between the robots and the base station. We also plan

to improve the system by adapting the behavior of the robots to autonomously
complete predefined tasks in a collaborative approach.
Acknowledgments. This research work has been supported by the CICYT
project TIN2010-21387-C02-02 and DGA-FSE.
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