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PROLOGO

Me es grato presentar el duodécimo workshop (taller de trabajo)
del programa RoboCity2030-11, subvencionado por la Comunidad de
Madrid para el periodo 2010-2013. Este programa agrupa a los centros de
investigacion en robotica mas punteros tanto a nivel nacional como
internacional: Universidad Carlos Il de Madrid, Instituto de Automatica
Industrial del CSIC, Universidad Politécnica de Madrid, Universidad de
Alcala, Universidad Rey Juan Carlos y Universidad Nacional de
Educacioén a Distancia. De esta forma, en esta iniciativa Unica, se obtienen
importantes sinergias que permiten potenciar y coordinar las
investigaciones en robdtica.

Este taller de trabajo es el Ultimo de la serie de encuentros
periodicos que se planificaron al comenzar la andadura de Robocity2030-11
hasta finales de 2013. La experiencia de los todos los workshops anteriores
ha demostrado que son un foro de encuentro y discusion idéneo para los
investigadores de los seis grupos del Programa.

En esta ocasion el taller esta dedicado a la Robdética Cognitiva, un
tema de interés creciente en la comunidad robética internacional, y se
abordan aspectos de actualidad cientifica y tecnoldgica sobre la materia.
En particular, se presentan trabajos de excelente calidad dentro de topicos
clave en la Robo6tica Cognitiva, como interacciéon humano-computador,
métodos de aprendizaje, percepcion e identificacion de objetos vy
movimientos, tareas de inspeccién mediante robots y robética cognitiva en
el ambito de la medicina.

Por Gltimo, me gustaria destacar la excelente cooperacion de todos
los grupos participantes para facilitar la realizacion de este workshop, y en
particular la labor de organizacion llevada a cabo por el grupo de la
UNED, en cuya sede se ha celebrado el evento. Entre todos se ha
conseguido una cuidada seleccion de trabajos de gran nivel que espero
sean de utilidad y referencia para toda la comunidad robética espafiola.

Carlos Balaguer
Coordinador Robocity2030-11-CM






INDICE

CAPITULO 1

Recent Advances in the Jderobot Framework for
Robot Programming

José Maria Caiias, Maikel Gonzalez, Alejandro
Hernandez, Francisco Rivas

CAPITULO 2

Descripcion general del sistema de interaccion
humano-robot Robotics Dialog System (RDS)

F. Alonso-Martin, J.F. Gorostiza, Miguel A. Salichs

CAPITULO 3

Semantic Action Parameter Inference Through
Machine Learning Methods

J.G. Victores, S. Morante, A. Jardon, C. Balaguer

CAPITULO 4

Cognitive Model Framework for Learning and
Adaptation of Robot Skills to Task Constraints

D. Hernandez Garcia, C. Monje, C. Balaguer

CAPITULO 5

Object Tagging for Human-Robot Interaction by
Recolorization Using Gaussian Mixture Models

M. Gonzalez-Fierro, M.A. Maldonado, J.G. Victores, S.
Morante, C. Balaguer

CAPITULO 6

Distinguishing between Similar Objects Based on
Geometrical Features in 3D Perception

J. Garcia Bueno, A. Martin Clemente, M. Gonzalez-
Fierro, L. Moreno, C. Balaguer

CAPiTULO 7

Autonomous Robot for Navigation and Inspection in
Oil Wells

G. Poletti, G. Ejarque, C. Garcia, R. Saltaren, R. Aracil,
M. Urdaneta

23

35

47

67

77

93



CAPITULO 8

Robots moviles para tareas de desminado humanitario
Manuel Armada, Roemi Fernandez, Hector Montes, Javier
Sarria, Carlota Salinas

CAPITULO 9

Generacion de comportamiento auténomo para un
robot de inspeccion de cultivos

J. M. Bengochea-Guevara, A. Ribeiro

CAPITULO 10

A UGV Navigation System for Large Outdoor
Environments Including Virtual Obstacles for No-Go
Zones

M. Garzon, E. Fotiadis, P. Puente, A. Alacid, A.
Barrientos

CAPITULO 11

Sistema de captura de movimiento con sensor Kinect y
acelerémetros para rehabilitacion funcional y cognitiva
de cancer de mama

J.R. Garcia, R. Barea, E. Lopez, V. Prieto, M.J. Yuste, P.
de la Villa, LM. Bergasa, M. Ocaria

CAPITULO 12

Design and Kinematic Analysis of an Hybrid Robot for
Needle Insertion Procedure

L.J. Puglisi, R.J. Saltaren, G. Rey Portoles, C. Garcia
Cena

CAPITULO 13

Sistema de rehabilitacion cognitiva para la asistencia
en actividades cotidianas de pacientes tras sufrir un
accidente cerebro-vascular

Javier Rojo, José M. Cogollor, Matteo Pastorino, Alessio
Fioravanti, Jose Breriosa, Maria Teresa Arredondo,
Manuel Ferre, Rafael Aracil, José Maria Sebastian

109

125

137

155

171

187



CAPITULO 1

RECENT ADVANCES IN THE JDEROBOT
FRAMEWORK FOR ROBOT PROGRAMMING

JOSE M. CANAS', MAIKEL GONZALEZ', ALEJANDRO HERNAN-
DEZ' and FRANCISCO RIVAS'

! Universidad Rey Juan Carlos, Spain

Most of the intelligence of cognitive robots lies on their software, the way
they manage knowledge and coordinate their sensing and actuation capa-
bilities. In the last years several frameworks have appeared that simplify
and speed up the development of robot applications. They favor the code
reuse and take benefits from modern software engineering techniques.

This paper presents recent advances in the open source robotics framework
Jderobot (http://jderobot.org). It is a distributed and component oriented
software architecture which uses explicit interfaces among components
and ICE as communication middleware. Jderobot provides many tools for
the programming of cognitive robots: a template for controller compo-
nents, visual Finite State Machine creation, a library for fuzzy controllers,
recording and replaying sensor data, etc. It also includes tools to use new
RGB-D sensors like Kinect or Xtion and support for the newest release of
Gazebo simulator, which is becoming a de facto standard. The main new
features and tools are described in detail.

Jderobot framework has more than 60000 lines of code and includes more
than 30 different components. Two recent improvements are related with a
better project management using CMake and simpler installation using
Debian packages. This software has been used for more than ten years in
research, teaching and commercial applications. More than one hundred
fifty different users, mainly robotic students and developers, have taken
advantage of it. Lessons learnt using this robot middleware are also sum-
marized in conclusions.


http://jderobot.org/
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1 Introduction

Most of the robot intelligence lies on its software. Once the robot sensor
and actuator devices are set, the robot behavior is fully caused by its soft-
ware. There are many different ways to program in robotics and none is
universally accepted. Some choose to use directly languages at a very low
level (assembler) while others opt for high-level languages like C, C++ or
Java.

Good programming practices are an emerging field in the software en-
gineer area but also in robotics. Several special issues of robotics journals
(ARS Special Issue on Software Development and Integration in Robotics,
2006), books on the topic have been published (Kernighan, 1999) and also
specific workshops and tracks have been created inside ICRA and IROS.
The Journal of Software Engineering for Robotics (www.joser.org) has
been promoting the synergy between Software Engineering and Robotics
meanwhile the IEEE Robotics and Automation Society (TC-SOFT) have
founded the Technical Committee for Software Engineering for Robotics
and Automation.

Compared with other computer science fields, the development of robot
applications exhibits some specific requirements. First, liveliness and real-
time processing: software has to take decisions within a fast way, for in-
stance in robot navigation or image processing. The second requirement is
about the software architecture; robot software has to deal with multiple
concurrent sources of activity, and so tends to be multitasking. Third,
computing power is usually spread along several connected computers,
and so the robotic software may be distributed. Fourth, the robotic soft-
ware typically deals with heterogeneous hardware. New sensors and actua-
tor devices continually appear in the market and this makes complex the
maintenance and portability to new robots or devices. Fifth, the robotic
software usually includes a Graphical User Interface (GUI), mainly for
debugging purposes. Sixth, the robotic software should be expansible for
incremental addition of new functionality and code reuse. Seventh, the
simulators are very useful in robotics software debugging.

Mobile robot programming has evolved significantly in recent years,
and two approaches are currently found. In the classical approach, the ap-
plication programs for simple robots obtain readings from sensors and
send commands to actuators by directly calling functions from the drivers
provided by the seller. In the last years, several frameworks (SDKs) have
appeared that simplify and speed up the development of robot applications,
both from robotic companies and from research centers, all of them with
closed and open source. They favor the portability of applications between
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different robots and promote code reuse.

First, they offer a simple and more abstract access to sensors and actua-
tors than the operating systems of simple robots. Using the SDK hardware
abstraction layer it deals with low level details accessing to sensors and
actuators, releasing the robotics programmer from that complexity.

Second, the SDK provides a software architecture for robot applications.
It offers a particular way to organize code, handling of code complexity
when the robot functionality increases. There are many options: calling to
library functions, reading shared variables, invoking object methods, send-
ing messages via the network to servers, etc. Depending on the program-
ming model the robot application can be considered an object collection, a
set of modules talking through the network, an iterative process calling to
functions, etc.

Third, usually the SDK includes simple libraries, tools and common
functionality blocks, such as robust techniques for perception or control,
localization, safe local navigation, global navigation, social abilities, map
construction, etc. This way SDKs shorten the development time and re-
duce the programming effort needed to code a robotic application as long
as the programmer can build it by reusing the common functionality in-
cluded in the SDK, keeping themselves focused in the specific aspects of
their application. The robot manufacturers sell them separately or include
them as additional value with their own SDKs. For example, ERSP in-
cludes three packages in the basic architecture: one for interaction, one for
navigation and another for vision.

We present our open-source robotic software framework, named
Jderobot, which is component oriented, uses ICE as communication mid-
dleware and includes several useful tools and libraries. Several sensor and
actuator drivers have been programmed or reused from the open-source
community. This framework has been widely used in our group for re-
search and teaching for more than ten years. Jderobot has been designed
for scenarios with sensors, actuators and intelligent software in between.

The typical scenario is robotics, but also computer vision and home au-
tomation.

Why open-source in robotics research? It provides independence on ro-
bot manufacturers and so it may support robots from different companies.
With the freedom to use and modify the software its final quality does not
depend so much on the debugging speed of a single company. The distri-
bution of the source code makes (the distribution) debugging faster. In re-
search, algorithms and results can be replicated and compared. Standard
tools (for instance, simulators) and public access to sensor and data reposi-
tories (for instance, databases with input data and ground truth for robot
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localization), etc. help on this. This sharing makes the improvements come
more easily and speeds up the advances in the robotics community. In ad-
dition, one strong motivation is the feeling of contributing to the communi-
ty and returning the favor. We have extensively used open-source libraries
and tools in our research (OpenCV, Gazebo, GTK, etc.).

Jderobot has enhanced thanks, in a large part, to the robotics community
of the Universidad Rey Juan Carlos (Spain). New versions have been re-
leasing including new functionalities. The last version, which is the 5.1,
includes new applications, tools to facilitate and improve the management
and features to make easier both the use and installation to standard users
and also to developers. The new features to highlight on this version are
the support to newer versions of the Gazebo simulator. This support is im-
plemented by the gazeboserver driver which acts as an intermediary be-
tween the simulator and other applications though ICE interfaces. Another
improved component is introrob, a teaching tool successfully used in the
robotics subject in the Universidad Rey Juan Carlos.

Tools like CMake (see section 7.1) are also included in the new version
of Jderobot. The use of this powerful tool makes the compilation task of all
the framework libraries, components and interfaces so simple. In addition,
Jderobot has also a set of Debian packages allowing to the user to install
each of the components either individually (using atomic packages) or
jointly (using virtual packages).

2 Related works

Robotic frameworks can be grouped in two main paradigms, those tightly
coupled with a cognitive model in their designs and those designed just
from a pure engineering criteria. The first ones force the user to follow a
set of rules in order to program certain robotic behavior, while the second
ones are just a collection of tools that can flexibly be put together in sever-
al ways to accomplish the task.

Cognitive robotic frameworks were popular in the 90s and they were
strongly influenced by the Artificial Intelligence (Al), where planning was
one of the main keys. Indeed one of the strengths of such frameworks was
their planning modules built around a sensed reality. A good example of
cognitive frameworks was Saphira (Myers, 1998), based on a behavior-
based cognitive model. Even though the underlying cognitive model usual-
ly is a good practice guide for programming robots, this hardwired cou-
pling often leads the user to problems difficult to solve when trying to do
something the framework is not designed to do.
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Key achievements of modern frameworks are the hardware abstraction,
hiding the complexity of accessing heterogeneous hardware (sensors and
actuators) under standard interfaces, the distributed capabilities that allow
to run complex systems spread over a network of computers, the multi-
platform and multi-language capabilities that enables the user to run the
software in multiple architectures, and the existence of big communities of
software that share code and ideas.

Current robotic frameworks focus their design on the requirements that
robotics applications need and let the users (the programmers) to choose
the organization that better fits with their specific application. Main re-
quirements driving the designs are: multi-tasking, distributed, easy to use
and code reusability. Another requirement, probably the main key, is the
open source code. That creates a synergy between the user and the devel-
oper.

That is why two of the most popular robotic frameworks in the last
years are open-source: Player/Stage (Gerkey, 2003) which has been the
standard de facto in most of the last decade and ROS (Quigley, 2009)
which is taking the place currently. As seen in other major software pro-
jects as GNU/Linux kernel or the Apache web server, to name but a few,
the creation of communities that interact and share code and ideas, could
be a great benefit to the robotic community. Main examples of open source
modern frameworks are the aforementioned Player/Stage and ROS. An-
other important example is ORCA (Brooks, 2005). We briefly describe
them.

There are other open source frameworks that have had some impact on
current the state of the art, like RoboComp (Cintas, 2011) by Universidad
de Extremadura, CARMEN (Montemerlo, 2003) by Carnegie Mellon and
Miro by University of Ulm. All of them use some component based ap-
proach to organize robotic software using ICE, IPC and CORBA, respec-
tively to communicate their modules.

We can find non open source solutions as well, like Microsoft Robotics
Studio or ERSP by Evolution Robotics. Those are also very powerful plat-
forms but their main disadvantage is just the open-source advantage: you
cannot share code with other robotics groups without a license of the cor-
responding software.

2.1 Player/Stage

This framework provides a robotics environment dividing it into two sides:
Player which is a robot device server and the multiple robots simulator
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named Stage. To support the development of robotic applications this suit
also includes several tools and libraries. Player/Stage has been the most
popular framework in the last decade with a big community giving support
and also developing a great collection of drivers and algorithms around it.
It is completely platform independent and most common programming
languages, like C/C++, Python or Java, are supported.

Player provides a network interface to the robot hardware through a col-
lection of standard interfaces that provides a hardware abstraction layer.
These standard interfaces are implemented by drivers, one for each differ-
ent hardware. Following this idea, the user only needs to know the stand-
ard way to use of each type of device not every device of every different
manufacturers or models. Player exports its devices through a standard
TCP network connection (other transport layers are available as well) ena-
bling the user to build distributed systems across a network of computers.
Even though, Player was not designed as a component based software, its
architecture employs many component based ideas. In addition to hard-
ware drivers, Player has a collection of algorithms like local navigation
algorithms, vision related algorithms or localization algorithms.

Stage is a 2D multiple robot simulator that can provide its simulated de-
vices through a Player server. There is a big variety of devices Stage can
simulate, like laser rangers, robotic platforms and cameras, to name a few.

The typical organization of a robotic application written in Player/Stage
is one or more client programs subscribed to a Player server which are
serving the robot hardware. Clients send and receive the data using the
known interfaces. So, we can say Player/Stage has a centralized architec-
ture, where Player server assumes the main role.

To implement a new functionality on the server side the user can write a
new driver which implements an interface. This is not usual due that de-
veloping on this side is a bit harder than on the client side.

2.3 ORCA

Another important example is ORCA which is a component based frame-
work released several years before ROS. ORCA is multi-platform and
multi-language as well. The aim of its developers was to increase the soft-
ware reuse among the robotic community, so they create a component re-
pository for robotics applications and they provide some of the needed
glue to connect them. In a previous version, they coded the middleware
that enabled components to communicate. Later, they realized that pro-
gramming a middleware was out of the range of their interests, besides
being a complex and time consuming task, so they replaced it with the pro-
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fessional grade middleware Ice from ZeroC (Henning, 2004) that allowed
them to focus in the robotic problems. ORCA is the major source of inspi-
ration for the actual version of the Jderobot and some of its core compo-
nents are closely related to our framework.

2.2 ROS

ROS is one of the biggest frameworks nowadays. It was founded by Wil-
low Garage as an open source initiative. Currently, it has a growing com-
munity and its site hosts a great collection of hardware drivers, algorithms
and other tools. It is a multi-platform and multi language framework.

The main idea behind ROS is an extremely easy to use middleware that
allows connecting several components, implementing the robotic behavior,
in a distributed fashion over a network of computers using hybrid architec-
ture. ROS is developed under hybrid architecture by message passing and
RPCs. Message passing of typed messages allows components to share
information in a decoupled way, where you do not know which component
send you a message, and vice versa, you do not know which component or
components will receive your message. RPC mechanisms are available as
well. Resources can be reached through a well defined naming policy.

The ROS core libraries implement the communication mechanisms and
a set of tools to help with tasks as project management (CMake based),
system debugging and centralized logging. A set of official libraries im-
plements standard messages (sensors, geometry, action...), well known
robotic algorithms for navigation or sensor analysis, and powerful tools as
the Rviz 3D visualization environment for robots. A simulation environ-
ment is provided through the Gazebo 3D simulator, which started as part
of the Player/Stage project, but now is supported by Willow Garage.

A typical application written in ROS is a collection of components in-
teracting with each other (no server/client model) distributed among a
network of computational nodes. Often a user can just use some of the
components found in the ROS repositories, tweak some parameters and
make them interact with his own coded components.

3 Jderobot

The Jderobot platform is a component based framework that uses the pow-
erful object oriented middleware Ice from ZeroC as glue between its parts.
This important design decision allows Jderobot to run in multiple plat-
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forms and to be programmed with the most common programming lan-
guages (all the languages supported by Ice indeed). Jderobot components
can also be distributed over a network of computational nodes and by ex-
tension use all the mechanisms provided by Ice as secure communications,
redundancy mechanisms or naming services.

3.1 Design principles

Following current trends in robotic software engineering, we aimed to de-
sign a framework with these major requirements:

- Component based.

- Multi-platform and multi-language support.
- Distributed.

- Strongly typed interfaces.

- Open source.

The main unit is the component. A component is an independent process
which has its own functionality, although it is most common to combine
several of these in order to obtain a more complex behavior. There are
several types of components, according to the functionality of the compo-
nent could be classified in:

- Driver-components: offer to developers a HAL (Hardware Ab-
straction Layer) to communicate with the different devices that are
equipped by the robot (sensors and actuators).

- Tools-components: This kind of components uses the driver-
components to communicate with the robot (real or simulated) and
process the received data. Then the result of this process is sent to
the robot through the driver-component.

The communication between Jderobot components occurs through the
ICE (Internet Communications Engine) middleware. Using this concept,
Jderobot allows directly these components to be distributed as it uses the
network as a link. The ICE communication is based on interfaces. This
middleware has its own language named s/ice which allows the developer
to define their custom interfaces. Those interfaces are compiled using ICE
built-in commands, generating a translation of the slice interface to various
languages (Java, C++, Python...). This allows communication between
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components implemented in any of the languages supported by ICE.

The entire configuration needed by the components is provided by its
configuration file.

Another important feature of Jderobot is the wide use of third party
software and libraries (all of them open source) which greatly extends its
functionality. Among them include: OpenCV for image processing; PCL
for point cloud processing; OpenNi for the RGB-D support, Gazebo as the
main 3D robot simulator and GTK+ for the GUI implementations. Besides,
Jderobot provides its own libraries which give to robotics commonly used
functionality for the developing of applications under this framework.

3.2 Open source project

As project, Jderobot stands out for being maintained by a community of
developers formed largely by the Robotics Group at the Universidad Rey
Juan Carlos. As a source of documentations, this framework has its official
wiki (http://jderobot.org/index.php/Main_Page) where everyone is able to
download the entire project. To complete the support, a mail list is also
available to interact with other developers.

Jderobot is a platform that has evolved significantly since its inception
and it is currently at 5.1 version. The following sections describe some of
the latest developments.

4 VisualHFSM and fuzzy controllers

There are many ways to organize the control and perception code on board
a mobile robot. One successful way is the Finite State Machines (FSM).
With them the robot behavior is defined by a set of states, each of which
performs a particular task. The robot can switch from one state to another
through transitions (conditions of stay or change), depending on certain
events or conditions, internal or external. A tool has been developed and
included in Jderobot to graphically design hierarchies of FSM, insert the
specific code of states and transitions, and automatically generate the com-
ponent source code in C++.


http://jderobot.org/index.php/Main_Page
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Options

estado A estddo B

Fig. 1. VisualHSFM Graphic User Interface

Another tool when programming cognitive robots is the fuzzy logic. It
allows programming the robot behaviors in terms of simple words and
rules which are close to the natural language. In Jderobot we have devel-
oped the Fuzzylib library to design and program fuzzy controllers. The
control rules are written in a file with simple rules like:

IF (left\ obstacle\ distance = small )
AND (advance\ speed = high )
THEN ( rotation\_speed = right\ high )

The fuzzy labels and variables are also described in such file following a
trapezoidal pattern and they are linked in the software to input and output
variables of the control program. The controller automatically fuzzyfies
the input variables, apply the rules and defuzzifies the output following a
Center of Mass combination.

5 Gazebo support

Gazebo' (Koening, 2004) is the preferred simulator in Jderobot framework.
It is a 3D open source simulator which offers a rich environment to quickly

" http://gazebosim.org
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test multirobot systems and which simulates several robots and sensors
(such as cameras, laser, etc) in a realistic way. All simulated objects have
their own mass, velocity, frictions and numerous other attributes that allow
them to behave realistically when pulled, knocked over or pushed.

Fig. 2. Gazebo with Autonav robot.

Recently Defense Advanced Research Projects Agency (DARPA) an-
nounced its Robotics Challenge for disaster robots. The goal of this chal-
lenge is to develop ground robots capable of executing complex task in
order to extend aid to victims of natural or man-made disasters and con-
duct evacuation operations. Selecting Gazebo simulator as the standardized
simulation environment and will be provided by the Open Source Robotics
Foundation. The teams that do not want or cannot afford to build their own
robots will be able to prove themselves using Gazebo simulation environ-
ment and later may receive a real robot to use in the competition. The
choice of this simulator is successful since it has become a standard in one
of the main research project around the world.

Gazebo offers a big variety of sensors, actuators, robots, objects and
maps. Also it incorporate tools to design new elements, which integration
with the simulator is very simple. Fig. 2 shows a robot integrated in the
simulator. This robot is defined with a drive and steering wheel and three
sensors such as Kinect, laser and encoders. In the world files is possible to
define the simulated world and the different elements that defined the envi-
ronment. This allows creating a simulated world very close to the real en-
vironment where the robot is going to be deployed.

Jderobot 5.1 offers support for the last version of this simulator (Gazebo
1.8). It offers a driver-component call gazeboserver who intermediates be-
tween Gazebo and the components in Jderobot 5.1. The architecture of
gazeboserver is based on plugins. A plugin is a dynamic library load in
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execution time when the simulator starts. In each plugin, the functionality
of the different devices, what are contained in the robot, is defined. The
plugins that the simulator should load must be indicated in the configura-
tion world file.

Plugins are not only connected with the simulator, they also create an
ICE interface which allows communicating the simulator with Jderobot
components, sending or receiving information about the robot state. Fig.3
shows an example of a component connected with gazeboserver. We can
observe that the components of the system are connected to the platform

without taking into account if we are using a simulator or the real robot.
GAZEBO

GAZEBOSERVER

PLUGIN
ENCODERS

PLUGIN
APl Gazebo MOTORS

COMPONENT

PLUGIN
CAMERAS

PLUGIN
LASER

Lo

Interfaces ICE
Fig. 3. ICE communication example between a component and Gazebo

6 Introrob component for teaching robotics

Introrob is a teaching tool that Universidad Rey Juan Carlos master stu-
dents use to develope their practice into the Robotics subject. This compo-
nent is connected to the Gazebo simulator using gazeboserver. The simu-
lated robot used with introrob is the pioner2dx with a set of sensors (laser
ranger, odometry and cameras) and actuators (motors, and cameras
Pan&Tilt).
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Fig. 4. Introrob running on Gazebo

This component provides to the students a GUI (Fig. 4) where they can
find all the data collected from the sensor of the simulated robot. This GUI
also includes some features to make easier the debug of their own algo-
rithms. It also gives some functionality to teleoperate the robot using some
joysticks changing the linear and angular speed as well as changing the
cameras orientation. In addition, introrob shows a 3D viewer based on
openGL from which it is possible to perform certain interactions (change
the point of view, draw objects, etc...). This GUI also includes a play but-
ton to start a certain algorithm developed by the student.

For the algorithm developing, there is available a file called MyAlgo-
rithms.cpp which is launched when pressing the PLAY button. In this way,
the student can be abstracted from the rest of the application code and fo-
cus only on a single file. Besides, this file also contains a template with
examples that allows students to speed up their learning with the tool.

Introrob has also an own API that simplifies even more the developing
task to the students offering fully abstract functions. They do not need any
prior knowledge about the communications protocol nor data structure.
Some examples of this API functions are:

- setV(5): receives as a parameter the speed in mm/s and it is sent
to the robot.
- getLaser(): returns a 180 position vector with all the measure-

ments of the laser range scanner.

It also provides some graphical functions to simplify the visualiza-
tion of their algorithms results.



14 Robotica Cognitiva

- drawSphere(x,y,z): receives a 3D point and draws a sphere there
in the OpenGL world.
- drawSegment(p1,p2): receives two 3D points and draws a seg-

ment that joins them.

Connect to ICE server

I
v v

GUI thread

Control thread

| ‘

o Get data from
shared memory €]

Ice Get data via ICE

1l

Y

Y

Allocate data in
shared memory

Render data on GUI

SHARED
MEMORY
I !
Get data from Get data from GUI

shared memory

! v

Allocate data in
Send data via ICE shared memory

Fig. 5. Introrob execution flow

Internally, the architecture of this component is divided into two main
threads: control thread and GUI thread.

- Control thread: this thread asks gazeboserver for the data from
the sensors of the simulated robot and locates them in shared
memory. Then, it gets the data generated by the GUI thread from
shared memory and sends the corresponding orders to gazeboserv-
er.

- GUI thread: this thread is always taking the data allocated by the
control thread and displaying it in the GUIL Besides, it puts again
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in shared memory the data generated, or by the user interaction or
their code, to send them to the simulator through the control
thread.

Students from Computer Vision (Master degree) use introrob to de-
velope algorithms oriented to the recognition of the environment using
cameras carried by a robot. Furthermore, Telematic and Computer Systems
(Master degree) students are focused on navigation algorithms with the
aim of recognizing and following a line drawn on the floor.

== b

Fig. 6. Student's example algorithm

7 CMake and Debian packages

Jderobot 5.1 has new features that facilitate the management and mainte-
nance of the entire platform and its source code. On the one hand, Jderobot
includes the new CMake tool that lets you build simply the entire source
code of the platform. On the other hand, it also has a set of Debian packag-
es to simplify the Jderobot installation, both the platform itself and all their
third part dependences. These packages are available for the two Linux
distributions: Ubuntu 12.04 and Debian Wheezy, both for the 32 bits ver-
sion.

7.1 CMake

CMake is a build software tool that makes easier the multiplatform code
compilation both for users and developers.

At the user level, a feature that highlights is the information it provides
about what is happening during the compilation process. This helps the
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user to resolve any problems that arise. But mostly, the main advantage
using CMake is its easiness. To compile a whole project (regardless of the
complexity or size) the user has only to execute two commands: cmake
and make.

At developer level, CMake provides agility when adding new items to
project and it needs too few configurations to compile and link a lot of
software.

The CMake configuration is based on CMakeLists.txt files. These files
include everything needed to build the code. The designed solution in
Jderobot divides its configuration into two different types of CMakeLists
files:

- Type 1 or primary: these files are used directly from the cmake
command and are the responsible for initiating the process of
building. Into them are defined common characteristics for all el-
ements to be compiled and linked (libraries, interfaces and execut-
ables).

- Type 2 or secondary: these files are called by other primary files
and/or secondary files recursively. They define the relevant data of
each element, such as:

+ Source files.

+ Dependences.

+ Location of the dependences (both, headers and libraries).

Following this design, Jderobot 5.1 offers the user three different ways
to build the code:

- Compilation from the trunk. The compilation process is initiated
by the main CMakeLists.txt located at the top of the trunk project
directory. This will build all components, libraries and interfaces
of the platform.

- Compilation by components. This second way allows the users
not to build all the elements, but those they only need. To do this,
the compilation must to start from the main CMakeLists.txt file lo-
cated in the /build directory of the wanted component. This meth-
od requires that the directories hierarchy of the platform has to be
respected. This is because the paths used for dependency resolu-
tion are defined relatively.
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- Independent compilation. This allows the user the ability to
download only the source code of a particular component and
build it without downloading the entire tree directory of the whole
platform. In this case, the prerequisite to build the executable is
that the users must have installed on their computer all the libraries
on which the component depends.

7.2 Debian packages

Debian packages are compressed files that contain the elements to install
on our computer, information on how and where to be installed and infor-
mation about their dependencies.

There is much heterogeneity among the different systems of students
and Jderobot users. This complicates the installation of software consisting
of a large number of applications which depends in turn on external soft-
ware. Debian packages facilitate this task by reducing installation to sim-
ple commands allowing the user to have all the necessary software auto-
matically.

For the management and installation of Debian packages, there are tools
like apt or aptitude. Using these commands any user can download and
install a package from a repository, resolve its dependencies or uninstall it
very easily later.

These tools enhance the user's first experience with the platform, mak-
ing friendlier their first contact with it.

jderobot |

| jderobot-tools jderobot-drivers. jderobot-libraries

e S S SR

jderobot-

jderobot-
componentl

component2

jderobotinterfaces

jderabat- | jderobotlib-
ponentN

[ i . }
l, b-libraryl l, b-library2 libraryN

jderobot-
OpenNi

jderobot-
PCL

jderobot-
Gazebo

jderaobot-
OpenCV

| Others.

Fig. 7. Jderobot package design
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Packet structure designed for Jderobot 5.1 (Fig. 8) is divided into:

- Atomic packages. Jderobot has a package for each of the compo-
nents (jderobot-componentN) and libraries (jderobot-libraryN) that
make up the platform. This allows the users to install, individually,
those parts their want to use or develop.

- Third part packages. To make easy the installation, not only the
components but the entire external software, Jderobot includes
Debian packages for that software used by the components and
which is not officially available in the repositories (Ubuntu 12.04
or Debian testing).

- Virtual packages. Virtual packages are packages that do not con-
tain the elements to be installed in our system, but information
about which atomic packages should be installed when you install
one of them.

Jderobot 5.1 has different virtual packages that encapsulate:

+ Libraries: All Jderobot libraries are grouped into the virtual
package jderobot-libraries.

+ Driver-components: jderobot-drivers.

+ Tools-components: jderobot-tools.

+ Components with related functionality, as teaching-robotics
which includes introrob, gazeboserver and gazebo.

+ jderobot package. This installs all atomic packages and third par-
ty software packages that make up the entire platform.

8 Conclusions

We have presented the Jderobot open-source framework for programming
cognitive robots. We have used it in teaching, development of robotic ap-
plications and research for more than 10 years. Its software architecture is
based on distributed components using the network as communication
link. It provides several drivers for accessing different sensors, actuators
and robots like Pioneer2DX or Nao humanoid. It also includes a powerful
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set of tools and libraries that speed up the creation of new robotics applica-
tions. In this paper we have described the main new features developed for
the Jderobot-5.1 release.

First, some cognitive tools have been incorporated to the framework.
The visualHFSM provides a tool for generating robot behaviors using hi-
erarchical Finite State Machines. It lets the programmer to focus on the
behavior logic, in terms of states and transitions, more than on implemen-
tation details. Most of the final control code is generated automatically by
visualHFSM using an automata template and an abstract description of the
FSM. Another cognitive tool incorporated is the fuzzy library that eases
the programming of fuzzy controllers.

Second, we have improved the connection between Jderobot and the lat-
est releases of the Gazebo simulator. This open source simulator is becom-
ing a de facto standard after the ROS developer team chose it as its refer-
ence simulator. More recently DARPA chose it for the first stage of the
DARPA Robotics Challenge. We have developed a set of new Gazebo
plugins that provides the standard Jderobot interfaces to sensors and actua-
tors in the simulated world. The model of a brand new robot has been also
created in the new Gazebo.

Third, we have improved the Introrob component that we use in robotics
teaching. This Jderobot component is the base for the practices of students
from several engineering and master courses. More than two hundred stu-
dents in the last years have used Jderobot in the last years. They serve as
testers giving feedback of the performance of the framework to the devel-
opers and providing experimental validation to the system. The specific
Introrob component hides some of the complexity of robot programming,
and so the students take shorter time to start using the framework, focusing
on the robotics algorithms and techniques more than on the platform itself.

And fourth, we have changed two issues of the infrastructure of the
whole Jderobot as a software project. We distribute it now as debian pack-
ages, both for Debian Linux and Ubuntu LTS. The creation of debian
packages makes easier the installation and management of the platform.
We have created atomic packages for each Jderobot component, library or
tool. We have also prepared several virtual packages that include those
atomic packages that make sense together. In addition, the last Jderobot
release uses CMake as the project compilation tool, making simpler the
inclusion of both new components and libraries. It has been an improve-
ment from the previous compilation tools, automake and autotools, which
are more complex.

We are currently working on several lines to extend Jderobot. First, to
improve the use of ICE advanced capabilities like Icestorm and Icebox to
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take benefit of them. Second, on the integration of the new RGB-D com-
mercial sensors (Kinect, Xtion, Primesense sensor) which will boost the
developing of reconstruction and localization applications using point
cloud information. Third, to give additional functionality to the Gazebo
simulator, adding complete models of the Nao humanoid and RGB-D sen-
sors. Fourth, to create tools like ROS’s Bags. This kind of applications
provides the developers the ability to record logs of scenarios to recreate
them later. This feature gives the ability to prove different algorithms on
exactly the same data source. Finally, we want Jderobot applications to be
casily interactive with regular web browsers and other frameworks. With
this concept, human users could easily modulate the applications on real
time or see their processing outputs, even in embedded and screenless sys-
tems. In addition, Jderobot applications could easily be integrated with
other existing frameworks. We are exploring new generation webservices
like API-REST for this. Nevertheless these extensions, the framework is
stable and with enough functionality. The main efforts will be devoted to
extensively use it for research more than to expand it.
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CAPITULO 2

DESCRIPCION GENERAL DEL SISTEMA DE
INTERACCION HUMANO-ROBOT RDS
(ROBOTICS DIALOG SYSTEM)

F. ALONSO-MARTIN', J.F. GOROSTIZA' y MIGUEL A. SALICHS'

'Robotics Lab, Universidad Carlos IIT de Madrid

En este articulo se hace una breve descripcion del sistema de interaccion
RDS (Robotics Dialog System). Este sistema, desarrollado dentro del gru-
po de investigacion de robots sociales del RoboticsLab, es capaz de dotar
a los robots que lo incorporan de capacidades de interaccion que se aseme-
jan a las que poseen los humanos. Se analiza el entorno software con el
que convive, los robots donde se usa, y se describen los componentes que
forman el sistema general. Finalmente se describen los aspectos generales
que caracterizan el sistema.

1 Introduccioén: el ecosistema

1.1 El entorno Software

El sistema de didlogo que se presenta en este trabajo esta formado por mul-
titud de modulos que conviven a su vez con otros modulos pertenecientes a
la arquitectura de control. Siguiendo un esquema basado en la modularidad
y la abstraccion se puede entender el ecosistema en el que convive el sis-
tema de dialogo (ver Fig. 1). En el nivel inferior se encuentran los compo-
nentes hardware: robot, computadoras, etc. Cada computadora ejecuta un
sistema operativo; en el caso de nuestros robots, concretamente una distri-
bucion de Linux: Ubuntu. A su vez, cada sistema Ubuntu, ejecuta la arqui-
tectura de control roboética. La arquitectura de control es capaz de comuni-
car los distintos modulos que la conforman, proporcionando los mecanis-
mos de comunicacion necesarios. A lo largo de los afios que ha durado la
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elaboracion de la tesis doctoral en la que se enmarca este trabajo, esta ar-
quitectura de control ha ido evolucionando.

Partiendo de una arquitectura definida tedricamente y conocida como
AD, implementada y especificada en trabajos previos del grupo (Barber,
2002), ha sufriendo evoluciones constantes, hasta llegar a la arquitectura
actual: una arquitectura hibrida entre AD y el nuevo “estandar de facto” en
las arquitecturas robdticas, la arquitectura ROS. Esta nueva arquitectura de
control, que se la puede denominar como AD-ROS, permite la convivencia
de cualquier mddulo desarrollado en “la antigua AD” y “la moderna
ROS”, de manera que se conserva todo el trabajo desarrollado durante
afios por nuestro grupo de investigacion y se ha incorporado la posibilidad
del uso de los miles de modulos desarrollados por la comunidad ROS. Es-
to, ademas presenta la ventaja de que cualquiera de los componentes desa-
rrollados para este trabajo, y del sistema de didlogo completo, puedan ser
usados por cualquier investigador, de cualquier lado del mundo, sobre
cualquier robot capaz de ejecutar ROS. La arquitectura de control facilita
la tarea de distribuir el software, ya que cualquier modulo puede estar co-
rriendo en cualquier computador, incluso fuera del robot; en este sentido,
la unica restriccion es dada por el modulo (o los modulos) que necesite
interactuar directamente sobre un actuador y/o sensor, ya que necesitara
comunicarse con ¢l (de manera local o a través de la red).

QOperative System (Ubuntu 12.04)

Robotic Operative System (ROS)

Decision| § Navigation | | |
Making \ \ )
‘ Seguencer

Dialog
(RDS)

Fig. 1. Ecosistema del sistema de interacciéon RDS

Dentro de la arquitectura robotica AD-ROS conviven multitud de siste-
mas: el sistema de toma de decisiones, el sistema de navegacion, el se-
cuenciador, etc. El sistema de didlogo es un sistema mas dentro de la ar-
quitectura de control, que es capaz de interactuar con el resto de sistemas,
proporcionandoles la capacidad y la abstraccion de realizar una interaccion
de alto nivel con el usuario.
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1.2 El entorno Hardware

Actualmente, el sistema RDS constituye el sistema de interaccion de cual-
quiera de los robots desarrollados por el grupo de trabajo de robots socia-
les del RoboticsLab. Los robots en los que estd siendo utilizado con éxito
son: el robot Maggie (Salichs, 2006) (Gonzalez-Pacheco, 2011), Mopi, y

Flory.
o6

-—

@

M

Social Robotcs Grou
Robotics Lab - UC3

)

7/
(L) ==
Fig. 2. El robot social Maggie

El robot social Maggie (ver Fig. 2) constituye una plataforma de inves-
tigacion sobre la que han versado numerosos trabajos del grupo. En estos
trabajos el robot ha sido ampliamente descrito. Para el desarrollo de este
trabajo ha sido la plataforma preferida del autor, puesto que consta con el
mayor tipo de modalidades de comunicacion posibles, ademas de ser el
primero de los robots creados y con el que comenzod esta linea de investi-
gacion.

Como se ha comentado, el sistema también ha sido probado satisfacto-
riamente en los demas robots social del grupo. El robot modular Mopi, es
el encargado de dotar de movilidad al robot modular Flory.

Actualmente se estd trabajando en la integracion del sistema en una
nueva plataforma asistencial.

2 La multimodalidad soportada por el sistema

El sistema RDS esta concebido para trabajar, dentro del ambito de la arqui-
tectura de control, en multiples robots. A continuaciéon vamos a detallar
cuales son estos canales de entrada y salida que soporta este sistema, po-
niendo especial hincapié en su uso en el robot Maggie, que soporta todos
los canales de entrada y salida disponibles por RDS.
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2.1 Canales de entrada de informacioén

Audio. Para recibir audio, es necesario del uso de uno o varios mi-
crofonos situados estratégicamente. En el robot Maggie, el audio
es recibido a través de los microfonos incorporados en su cuerpo.
En la base del mismo, formando una circunferencia de 40 cm de
radio y a 21 cm del suelo, se encuentran 8 micr6fonos que se co-
nectan por USB al ordenador interno del robot. Estos 8 micréfonos
se usan fundamentalmente para tareas de localizacion de la fuente
sonora. Para el analisis de voz, el robot incorpora dos micréfonos
en la cabeza. Para una interaccion en entornos especialmente hosti-
les (mucho ruido ambiental), también es posible interactuar con el
robot mediante auriculares inalambricos o bluetooth, con la consi-
guiente perdida de naturalidad. El audio captado por el robot se
usa fundamentalmente para las siguientes tareas: reconocimiento
de voz basado en gramaticas, reconocimiento de voz de texto libre,
deteccion de emociones en la voz, localizacion espacial de usua-
rios, calculo de nivel de arousal (excitacion) del entorno, genera-
cion de sonidos y acompafiamiento musical que casen perfecta-
mente con la voz recibida.

Vision. El robot puede estar dotado de tres mecanismos basados en
vision de percibir el entorno fisico que le rodea: mediante camara
web (Maggie la incorporada en su boca), camara de profundidad
(Maggie, usa una camara Kinect) y telémetros laser (Maggie in-
corpora un laser situado encima de la base movil). Estos sensores
estan dedicados a tareas, algunas actualmente en desarrollo, de:
navegacion por el entorno, deteccion e identificacion de usuarios,
deteccion de gestos y poses, deteccion de objetos y lectura de texto
escrito (OCR).

RFID. El robot puede estar equipado de uno o varios lectores de
etiquetas de radio frecuencia (RFID), concretamente el robot
Maggie, consta de varios lectores incorporados en su cuerpo, uno
en la cabeza y otro en la base, ambos de corto alcance (unos 20
cm. para leer una tarjeta), y otros dos en sus costados de mayor al-
cance (unos 100 cm. aproximadamente). La interaccion por etique-
tas estd destinada fundamentalmente a tareas de identificacion de
objetos, como por ejemplo medicamentos, o incluso al control del
robot por didlogos por etiquetas. En este modo por etiquetas de ra-
dio frecuencia, cada una de ellas representa, mediante un dibujo
adecuado (pictograma), cada una de las posibles habilidades del
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robot. Este tipo de interaccion es adecuada para nifios pequeios,
personas muy mayores o entornos muy ruidosos donde la interac-
cioén por voz se ve notablemente afectada.

e Tacto. El robot puede estar dotado de varios sensores capacitivos
10 capaces de detectar cuando el usuario esta tocando el robot en
la parte del cuerpo donde esta situado dicho sensor. El sensor ca-
pacitivo no es capaz de notar diferencias de presion en el tacto,
siendo Unicamente binario (tocado / no tocado). Se usa como posi-
ble de entrada de informacion para el sistema de didlogo asi como
para simular cosquillas en el robot.

e Smartphones 'y tablets. Es posible también la entrada de informa-
cion mediante la tableta incorporada en el pecho del mismo o me-
diante teléfonos inteligentes. En ambos se presentan un conjunto
de opciones (dependiendo del didlogo y la finalidad concreta de la
interaccion), que el usuario puede ir activando/desactivando me-
diante sus dedos.

2.2 Canales de salida de informacioén

Como sistema de didlogo multimodal simétrico, la multimodalidad se pre-
senta tanto a la entrada del sistema como a la salida del mismo, por lo que
son necesarios diversos canales de salida o expresion de informacion:

e Audio. El robot Maggie tiene un sistema de cuatro altavoces situa-
dos debajo de su cabeza, los cuales permiten comunicarse con el
usuario mediante voz y sonidos. Estos altavoces son usados para la
generacion de voz con emociones, sonidos no verbales, generacion
musical y reproduccion de musica.

o Gestos expresivos del didlogo. Mediante brazos, cabeza, parpados
y base moévil el robot es capaz de realizar gestos que complemen-
tan el dialogo. Dentro de este repertorio de gestos se encuentran
algunos como: negaciones, afirmaciones, seguir con la mirada al
usuario, baile, navegacion por el entorno. Estos gestos se realizan
de manera sincronizada con la voz y los sonidos mediante el pro-
pio gestor de didlogo.
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e Infrarrojo. Maggie es capaz de controlar electrodomésticos me-
diante comunicacién por infrarrojos. En este sentido, el robot in-
corpora un mando de infrarrojos programable que permite emitir la
seflal adecuada para encender/apagar televisores, aires acondicio-
nados, cadenas musicales, etc.

3 Componentes de RDS

El sistema de didlogo propuesto para nuestro robot (ver Fig. 3), necesita
una entrada de informacion coherente en el tiempo y de contenido seman-
tico, obtenida de fusionar la informacion que proporcionan cada uno de las

entradas sensoriales posibles.
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Fig. 3. Robotics Dialog System

El sistema de didlogo estd compuesto por diversos de componentes que
realizan tareas especificas de manera desacoplada y distribuida. Estos
componentes se pueden agrupar en:

1. Gestor del Didlogo (IDiM): que se encarga de gestionar los tur-
nos de comunicacion y dadas unas entradas de informacion gene-
rar unas salidas. Es un gestor basado en el paradigma de rellenado
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de huecos de informacion, concretamente basado en el estandar
Voice XML 2.1 pero extendido con funciones multimodales. Otros
autores, también usan este sistema de interaccion, si bien casi nin-
guno de los estudios se ha realizado sobre robots sociales, estando
la mayoria de ellos centrados en entornos telefonicos o web.

Este paradigma trata de rellenar un hueco de informacion antes
de pasar al siguiente. Para rellenar cada uno de los huecos de in-
formacion es posible hacerlo mediante cualquiera de los canales de
comunicacion posible: voz, tacto, gestos, etc. o la combinacion de
ellos en un mismo mensaje. Un ejemplo sencillo puede ser intentar
reservar un vuelo, en el que los huecos de informacion podrian ser:
hora de salida, hora de llegada, ciudad origen, ciudad destino y
compafiia area. Todos estos huecos se pueden ir rellenando me-
diante sucesivas preguntas y respuestas entre el usuario y el siste-
ma, o mediante una unica frase, como por ¢j: “quiero salir de Ma-
drid a las 7 de la mafiana y llegar a Paris a las 9 de la mafiana con
Rynair”.

Moédulos de entrada de informacion: los componentes que traba-
jan sobre las entradas sensoriales para procesar dicha informacion
y entregar al Gestor de Didlogo (IDiM) informacion relevante. Son
los siguientes:

o Reconocimiento Automatico del Habla (ASR): Se encarga
de traducir voz a texto. Para ello implementamos un sis-
tema modular que permite conectar varios reconocedores
de voz, que pueden trabajar en paralelo sobre las mismas
muestras de audio. Actualmente trabajamos con el recono-
cedor de voz basado en gramaticas de Loguendo y el reco-
nocedor basado en el servicio web de Google ASR. Ver
(Alonso-Martin, 2011a).

o Procesamiento del lenguaje natural: que a su vez trabaja
conjuntamente con el médulo de conversion de voz a texto
(ASR) para extraer el significado semantico relevante del
texto reconocido.

o Conversor de texto escrito a texto maquina (OCR): con-
vierte el texto escrito a mano en texto valido para el siste-
ma de didlogo, para ello usamos técnicas de OCR. Para
mayor detalle ver (Alonso-Martin, 2011b).
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Lectura de etiquetas de radio frecuencia (RFID). lee la in-
formacion escrita en etiquetas de radio frecuencia, tanto
activas como pasivas. Para ampliar informacion consultar
(Corrales, 2009).

Identificacion de usuarios: este componente se encarga de
identificar al usuario con el que esta dialogando por su
tono de voz. Para ello en la fase de registro del usuario con
el sistema, el sistema guarda informacion del timbre del
usuario (voiceprints).

Identificacion de emociones en los usuarios: las emociones
del usuario son captadas de manera multimodal: analizan-
do la voz y el rostro del usuario. Cada modo consta de va-
rios clasificadores cuya salida corresponde al estado emo-
cional estimado. Finalmente una regla de decision deter-
mina cual es la emocion real del usuario en funciéon de la
confianza que tiene en la estimacion hecha por cada clasi-
ficador para esa emocion. Dentro de este mddulo, conoci-
do como GEVA (Gender and Emotion Voice Analysis), se
realiza ademas de la identificacion de emociones la identi-
ficacion del género del interlocutor, deteccion de la activi-
dad de voz (sistema VAD, capaz de distinguir voz humana
de otro tipo de ruidos o sonidos) y un sistema experimen-
tal de clasificacion de las expresiones sonoras de los pe-
IT0S.

Localizacion de usuarios: este componente se encarga me-
diante el sistema auditivo del robot, formado por 8 micro-
fonos y diferencias en amplitud de la sefal recibida por
cada uno de ellos, de localizar el origen de la fuente sono-
ra. La localizacion sonora se apoya en la localizacion me-
diante laser para determinar con mayor precision donde se
encuentra el usuario. Con esta informacion de disposicion
espacial, mas la informacion que se han obtenido previa-
mente en experimentos proxémicos del robot con usuarios
reales, el sistema de didlogo puede determinar la situacioén
mas adecuada del robot frente al usuario. Ver (Alonso-
Martin, 2012a).

Sistema del tacto: este componente es capaz de detectar
cuando una extremidad del robot ha sido tocada. Actual-
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mente no es capaz de determinar la presion ejercida por el
usuario ni exactamente el gesto con el que ha sido tocado.

Deteccion de poses del usuario: este componente se en-
carga de determinar la pose, es decir de clasificar la posi-
cion del cuerpo del usuario de entre las posibles. Es capaz
de determinar si una persona esta sentada, de pie, sehalan-
do a la izquierda, derecha o al frente, entre otros. Este sis-
tema usa una camara estereoscopica de profundidad y me-
canismos de aprendizaje automatico.

Otros: existen componentes que se encargan de facilitar la
conexion de entrada de informacion por tablet, smartpho-
ne o joypad.

Moédulos de salida de informacion: los componentes que se en-
cargan de expresar o transmitir el mensaje suministrado por el ges-
tor del didlogo (IDiM) al usuario y que trabajan con las salidas del
sistema. Ver la Fig. 3.3. Estos componentes son:

O

O

O

Sistema de Texto a Voz emocional (eTTS): se encarga de
convertir texto a voz con emociones. El modulo de eTTS
permite realizar tareas complejas, como gestionar la cola
de luciones, traducir textos entre mas de 40 idiomas, ade-
mas de adoptar distintos tonos de voz en funcioén de los
moto- res usados: Loquendo, Festival, Microsoft TTS y
Google TTS.

Sistema de generacion de sonidos no verbales: permite
sintetizar sonidos no verbales en tiempo real, que permiten
expresar al robot mensajes de manera similar a los produ-
cidos por la voz, pero en su propio lenguaje “robotico”.
Este tipo de sonidos se generan mediante el lenguaje de
programacion musical Chuck. “El submodulo de canto”
permite que el robot sea capaz de cantar mediante el soft-
ware musical Vocaloid. Para ampliar consultar (Alonso-
Martin, 2012b).

Generacion de Lenguaje Natural (NLG): Este sistema de
convertir informacion codificada en la computadora a len-
guaje natural. En la practica lo utilizamos para construir
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frases en tiempo real partiendo de una idea, o de un valor
semantico. De esta manera conseguimos dialogos mas va-
riados y naturales. Por ejemplo si la idea a transmitir es la
de “saludar” puede ser convertido a los siguientes textos:
“Hola, estoy encantado de hablar contigo”, o bien “Hola,
amigo”, entre otros. Este mecanismo de convertir valores
“semanticos” a “texto enlatado” puede hacerse de diversas
formas. En nuestro sistema se ha usado un modelo muy
sencillo de gramaticas o plantillas, muy similar a los usa-
dos en el reconocimiento de voz.

o Gestos expresivos: permite al robot mediante sus extremi-
dades (brazos, parpados, cabeza, cuello y base) realizar
gestos tipicos de cualquier dialogo, como son, negaciones,
asentimientos, exclamaciones, incluso pasos de baile. Fi-
nalmente y aunque no es un componente propiamente di-
cho, el robot es capaz también de comunicarse mediante
imagenes proyectadas en el tablet-PC, controlar compo-
nentes electronicos mediante un mando infrarrojo, repro-
ducir musica descargada bajo demanda de Internet.

4. Otros médulos: ademas existen ciertos componentes presentes en

el sistema de dialogo, que comunican con servicios web, que su-
ministran entrada de informacion necesaria para el gestor de dialo-
go. Estos servicios usados son traductores automaticos (Google
Translate y Microsoft Translate), buscador semantico (Wolfram
Alpha) y reproductor musical Goear).

4 Principales caracteristicas de RDS

Las principales caracteristicas que describen al sistema aqui presentado
son las siguientes:

Interpretado: El sistema es interpretado, es decir se desacopla la
especificacion del didlogo concreto a cada situacion (en ficheros
de texto plano XML) de su interpretacion y ejecucion por el gestor
del dialogo. Por lo tanto, podemos hablar de dos partes: la parte
software, que es el propio Gestor de Dialogo IDiM, que ejecuta y
interpreta los didlogos propiamente dichos. Y por otra parte, los
dialogos quedan especificados en ficheros XML que establecen
ciertos huecos de informacion a rellenar.
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e Adaptable: el didlogo puede adaptarse a cada usuario en base a ca-
racteristicas estaticas y dinamicas. Las estaticas son almacenadas
en perfiles de usuario, que son aprendidas durante la interaccion
mediante didlogo natural con el usuario: idioma, nombre, edad y
huellas de voz. Los factores dinamicos del usuario como son la
experiencia con el sistema, la emocion detectada (computacion
afectiva), la situacion espacial respecto al robot (proxémica) tam-
bién sirven para personalizar la interaccion. Los factores dinami-
cos del propio robot, como es su estado emocional también puede
ser tenido en cuenta por cada dialogo especifico. Esta adaptabili-
dad también se refleja en el multilingiiismo: el didlogo es capaz de
llevarse a cabo en multitud de idiomas. Para ello esta fuertemente
basado en la precision de los sistemas de traduccion online.

o Simétrico multimodal: La interaccion puede ser llevada por varios
canales de entrada y salida de informacioén. En este sentido, la
multimodalidad se tiene en cuenta tanto a la entrada del sistema
(fusién multimodal) como en las salidas (fision multimodal). Los
componentes del sistema de dialogo que lo convierten en simétrico
multimodal han sido mencionados previamente.

e  Multisonido: Por multisonido entendemos un sistema en el que la
entrada y salida sonora no se limita Unica y exclusivamente al re-
conocimiento y sintesis de voz. La voz puede ser usada para mas
tareas, ademas de existir otros medios sonoros no basados en voz.
Siguiendo esta definicion, el sistema multisonido aqui propuesto
es capaz de analizar el audio de entrada para: realizar localizacion
sonora, clasificar la voz del usuario en emociones, detectar el nivel
de excitacion (arousal) del entorno, reconocer la voz, identificar al
usuario. Es capaz de sintetizar sonidos para: generar voz con emo-
ciones, generar sonidos no verbales roboticos en tiempo real que
aumentan notablemente la expresividad del robot, expresarse mu-
sicalmente mediante cante y finalmente la capacidad de reproducir
de musica online.

5 Conclusiones

En este trabajo se describi6 el sistema de interaccion natural entre robots y
humanos llamado RDS. Este sistema convive con el resto de sistemas que
forman parte del sistema operativo que controla cada robot, AD-ROS. Se
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ha realizado una descripcion general del sistema y de los componentes que
lo forman, los canales/modos que gestiona el sistema asi como sus princi-
pales caracteristicas.
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CAPITULO 3

SEMANTIC ACTION PARAMETER INFERENCE
THROUGH MACHINE LEARNING METHODS
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This paper presents the initial steps towards a robot imagination system,
which aims at providing robots with the cognitive capability of imagining
how a set of actions can affect a robot's environment, even if the robot has
never seen the specific set of actions applied to its environment before.
This robot imagination system is part of a human-inspired and goal-
oriented infrastructure, which first learns the semantics of actions by hu-
man demonstration, and is then capable of performing the inverse semantic
reconstruction process through mental imagery. A key factor in this system
is distinguishing how different actions affect different features of objects
in the environment. Simple probabilistic and other machine learning meth-
ods, tested to perform this first step of the inference process, are presented
and compared in this paper. The inference of results of composed actions
is generated as the sum of the contributions of each of the query word
components. As an initial prototype, the actual learning process has been
performed using synthetically created minimalistic environments as da-
tasets, and a limited amount of training words for the learning process.

1 Introduction

Every day, humans perform thousands of actions. For robotic systems to
be able help us with our daily life tasks, they must be endowed with recog-
nition capabilities, storage, and reproduction of a great subset of actions to
be performed in corresponding situations. The amount of available actions,
their imprecision in their execution, and a strong dependence on the pref-
erences of different end-users make the hard-coding of parameters an inva-
lid solution of the general case. At most, one would expect to categorize
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actions to then evaluate their characteristics. This process of categorization
has already been performed: languages classify different actions, binding
different categories with different words (specifically, verbs). Obtaining
knowledge on the mappings between words and instances from the world
is often referred to as ‘symbol grounding’ (Harnad, 1990), or bridging the
semantic gap.

In this paper we study the application of different machine learning al-
gorithms to discover the ‘grounding’ of actions: the relation between
words and their corresponding actions, and how these actions can modify
the world. The ‘grounding’ part of this work is closely related to works in
the field of action recognition, also known as direct action recognition
(Poppe, 2010), and has also been targeted in the field of learning by imita-
tion, also known as robot programming by demonstration (Calinon, 2010).
These works are almost completely aimed at learning kinematics of the
actions that humans perform, such as the trajectory of a human arm when
reaching for an object, or the kinematics and dynamics of performing
power grips. However, recent literature from the areas of neuro-science
and psychology tends to indicate that the human brain encodes actions as
end-goals related to the affordances of objects. For instance, when children
imitate others grasping a person's ear, they tend to imitate the action goal
(which ear to grasp) rather than the kinematic aspects of the action (which
hand is used to perform the grasping) (Bekkering, 2000).

An attempt to learn goal-oriented tasks is shown in (Calinon and Guent-
er, 2005) where, despite they aim to learn the trajectory to perform an ac-
tion, they also code some goals to be achieved, even in a distinct way than
learned. A deeper understanding of object uses can be found in (Fitzpat-
rick, 2003), where the effects of pushing/pulling actions on objects to ac-
quire affordances (what actions objects can ‘afford’) are learnt. A great
variety of techniques has been used to try to learn object affordances, such
as Self-Organizing Feature Maps (Cos-Aguilera, 2004), SVM (Dogar,
2007), and Bayesian Networks (Montesano, 2008).

Working in the line of learning about actions in a goal-oriented fashion,
we focus on action recognition by detecting changes in the object in-
volved. This means, for instance, recognizing a rotation action by noticing
the change in the orientation of the object. Additionally, to analyze the ef-
fectiveness of the learning and providing the cognitive capability of robot
imagination, we ask the system how the composition of these actions can
affect the robot's environment, even if the robot has never seen the actions
applied conjunctly to its environment before.

The rest of the paper is organized as follows: Section 2 outlines the pro-
posed custom space, Section 3 explains different algorithms to generate
action parameters, Section 4 compares the algorithm presented, and Sec-
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tion 5 discusses about limitations and deficiencies providing several con-
clusions.

2 Semantic Grounding Database

The semantic grounding database is represented and stored as an incre-
mental set of tagged points in an n-dimensional feature space (see Fig. 1),
denoted F. Every time an action is performed, we measure the variation of
the values of the features we extract from the object we are interested in,
and create a new point in F using these variations as coordinates.
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Fig. 1. Semantic Grounding Space example where n=2

This new point is tagged with the name of the action, thus enhancing the
point with a semantic label that will be used for posterior inferences. The
semantic label is a single word. If more than one word is input, overlap-
ping points with the different words as tags (i.e. ‘move rotate’ becomes
‘move’ and ‘rotate’).

For the experiments presented in this paper, we have fixed the dimen-
sions to three (X, Y and ALPHA), which represent the translation and the
rotation of an object in a 2-dimensional space. As semantic input we con-
sider only two words: one for representing a pure translation movement,
‘move’, and another one for representing a pure rotation movement, ‘ro-
tate’. As stated, the grounding process is repeated for each sample, until
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the database has been populated with a sufficient amount of samples. We
will start from this populated situation to test our algorithms.

3 Models of Study

The aim of presented algorithms is to obtain coherent and valuable param-
eters for the corresponding semantic input we introduce. The methods pre-
sented cover the most intuitive approximation, starting with a simple
Arithmetic Mean of the samples with the required tag. We also test a Neu-
ral Network system, specifically trained to work in an inverse way to its
conventional use. We construct a Gaussian Mixture Model and extract the
representative parameters. Finally, a Support Vector Machine modified to
work as a regressor is also tested.

3.1 Arithmetic Mean Model

The Arithmetic Mean (AM) model is a relatively naive approach. Upon
receiving a pair <word, [X, y, alpha]>, the Look-Up Table of each element
of the output layer is updated with its corresponding mean. A dependency
graph is depicted in Fig. 2.

Input Layer: Words

// \X A \\
(. \

Output Layer: Transformations

Fig 2. Arithmetic Mean Model fully connected dependency graph

An advantage of the AM is that its incremental form for performing
online learning is well-known and simple to implement, as in Equation (1).
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3.2 Neural Network Model

A classical three-layered fully connected Feed-Forward Neural Network
(NN) model has been used for this application, as seen in Fig. 3. Its num-
ber of input perceptrons has been set to 2 (corresponding to the 2 input
words), its number of output perceptrons has been fixed at 3 (correspond-
ing to the 3 used features), and 50 has been the number of perceptrons se-
lected for the hidden layer implementing a sigmoid function. The NN is
trained by back-propagation, a supervised learning method, set at 10
epochs. The number of perceptrons in the hidden layer has been empirical-
ly determined, and offers a tradeback with the number of epochs necessary
to achieve a certain behavior.
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Fig. 3. Three-layered fully connected Feed-Forward Neural Network model

It is important to notice that these NN are used in an inverted way when
compared to their habitual use. Instead of classifying a combination of in-
puts into a delimited number of classes, we use the class as the network
input, and the values belonging to the class as the network output. The re-
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sulting network we achieve with this method is a kind of ‘pseudo-inverse
NN’, which allows us to interpolate between intermediate values of the

cloud of samples.

3.3 Gaussian M

ixture Model

The Gaussian Mixture Model (GMM) represents the probability distribu-
tion (density estimation) of the points. We set the number of mixtures to
one (formally K=1 or M=1), and feed the GMM with all the samples with
the same word. The values used are the Gaussian means.

Input Layer:
Words

Gaussian Mixture Model
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Output Layer:
Transformations

H0 6

Because the use of a single component, the GMM actually corresponds
to a single multivariate Gaussian model. The only component can be
summed out of the general weighted GMM expression of Equation (2).

Fig. 4. Gaussian Mixture Model

M
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=1
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This results in a single (unit weight) component expressing the multivar-
iate Gaussian probabilistic density function of Equation (3).
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The actual fitting of the parameters to the data is performed using the
Expectation-Maximization (EM) algorithm, an iterative method for per-
forming Maximum Likelihood Estimation (Reynolds, 2008).

3.4 Support Vector Regression (SVR)

The Support Vector Regression method (Fig. 5) is a modified version of a
Support Vector Machine (SVM). SVM are normally used in classification
problems, but SVR are adapted to perform regressions.

Input Layer: Support Vector Regression Output Layer:
Words Transformations

@

Fig. 5. Support Vector Regression

We use a non-linear regression version, which uses a kernel function
that transforms the data into a higher dimensional feature space in order to
perform a linear separation. The kernel function is a Radial Basis Function,
seen in Equation (4).

112
A’(X,X!) = exp (_M) (4)

202

This process is called ‘Kernel trick’ and it is used to map samples into
other spaces, hoping that samples will gain linear structure in the new
space. In this new space, SVM uses ‘epsilon intensive loss’ to estimate the
quality of estimation. This function considers the residuals in two ways: if
residual is less than epsilon, then there is no loss, if it is bigger, then, an
amount of loss is added. The main idea of SVR is performing a linear re-
gression in the higher dimension space, with the epsilon intensive function.
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4 Experiments for Comparison of Models

To compare the presented models, we train each with the same experi-
mental dataset. The dataset is composed by 5 ‘move’ sequences, and 5 ‘ro-
tate’ sequences. The sequences are composed by 7 frames (100 by 100
pixel black and white images), such as those seen in Fig. 6. The contents of
a ‘move’ sequence is a rectangle that advances 60 pixels on X and Y while
maintaining its rotation. Each ‘rotate’ sequence depicts a 60° angle rotation
while maintaining its position.

Fig. 6. Image sequences: a) move, b) rotate

An additional 1% standard deviation noise has incorporated to each fea-
ture (X, Y and ALPHA) to emulate camera perturbation effects and ineffi-
ciencies during segmentation. Note that this noise may significantly affect
the behavior of the algorithms, as the training dataset is relatively small.
The programming language used was Python, mostly using the tools pro-
vided by Scikit-Learn (Pedregosa, 2011).

Table 1 and Table 2 depict the outputs of the different tested algorithms
assigned to the ‘rotate’ and ‘move’ word, respectively. For compactness,
the value at the right of the + operator represents the standard deviation.

Table 1. Table for ROTATE values

Employed techniques X Y Alpha

Arithmetic Mean 0 -0.2 65.62
Neural Network (*) 0.05+026 -0.12+£0.1 64.83+0.22
Gaussian Mixture Model (**) 0+ 1.41 -02+0.74 65.62+2.381

Support Vector Regressor 0 -0.1 64.55
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Table 2. Table for MOVE values

Employed techniques X Y Alpha
Arithmetic Mean 59.8 59.6 -0.26
Neural Network (*) 59.75+0.2 59.56 -0.74 £ 0.43
Gaussian Mixture Model (**) 59.8+£0.74 59.6+1.35 -0.26+2.8
Support Vector Regressor 59.9 59.1 0.71

It is important to notice the difference in meaning of the standard devia-
tion of the NN algorithm and the GMM algorithm. The NN algorithm’s
standard deviation is marked with a (*) because the output of the NN is
stochastically variable. This is due to the fact that the network’s weights
are set randomly at initialization. The table values of the NN are the aver-
aged values of running the algorithm 5 times. The GMM algorithm’s
standard deviation (**), however, describes the dispersion of the input da-
ta, a fixed parameter with an accuracy given by the estimation based on the
maximization of the likelihood of how the distribution expresses the origi-
nal training data. It is computed as the square root of the diagonal of the
estimated covariance matrix.

The final Root-Mean-Square (RMS) errors on composition are illustrat-
ed in Table 3. They have been computed as the direct sum of the values
found on Table 1 and Table 2, setting the target values to X=60, Y=60 and
ALPHA=60° (which is the intuitive composition of ‘rotate’ and ‘move’ a
human could deduce from the input). This table represents a final metric
on the accuracy of the algorithm, while obviating other metrics or ad-
vantages which will be considered in the following final section.

Table 3. Table for MOVE and ROTATE composition errors (RMS)

Employed techniques RMS
Arithmetic Mean 5.403
Neural Network 4.97+0.45

Gaussian Mixture Model 5.403
Support Vector Regressor 5.367

5 Conclusions

The bases for future research on robot imagination systems of actions and
action compositions using algorithms from the field of machine learning
have been set. The following points review some of the benefits and draw-
backs of the studied algorithms on this specific minimalistic dataset:
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The Arithmetic Mean offers a fast and accurate solution. Addition-
ally, the possibility of easily implementing its incrementally learn-
ing version will surely be attractive to many readers. However, it
lacks a certain degree of flexibility and deep philosophical inter-
pretations that may be found abundance within other algorithms.

Our Neural Network implementation has proved to work well,
even having being trained inversely. It is the most and perhaps on-
ly bio-inspired algorithm of the ones tested. This is also manifest
in the fact that its results are not always the same, much like in a
human’s actions. Moreover, it offers a quite unique possibility of
simultaneously activating several inputs. These results were, how-
ever, omitted in the experiment section due to bogus results: out-
put more similar to the mean than to the sum of actions.

We consider the Gaussian Mixture Model the most attractive op-
tion. The results are precise as with the Arithmetic Mean, but may
be distributed with a standard deviation similar to that of the input
values if desired. This can be important if, for example, the algo-
rithm determines a great degree of dispersion is a representative
characteristic of a certain action. Additionally, several algorithms
which have not been used here can be used to perfect the model.
For example, Bayesian Information Criterion (BIC) or Akaike In-
formation Criterion (AIC) may be used to determine an optimal
number of Gaussian components other than K=1. Furthermore, re-
cent studies indicate Bayes-Optimal estimators may achieve higher
performance than methods based on maximization of likelihood.

The Support Vector Regressor algorithm has been proved to be a
valid method in terms of computation cycles and accuracy. How-
ever, the authors consider that further study is required in order to
unveil its full potential.

Moreover, the authors would like to transmit a final question to the ro-

botic scientific community: “How are robots going to transform the world
if they can't even imagine how?”
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CAPITULO 4

COGNITIVE MODEL FRAMEWORK FOR
LEARNING AND ADAPTATION OF ROBOT
SKILLS TO TASK CONSTRAINTS

D. HERNANDEZ GARCIA', C. MONJE' and C. BALAGUER'

'Robotics Lab, Universidad Carlos IIT de Madrid

The humanoid robots of the future are required to have advanced motor
control skills, comprehensive perceptual systems, and a suitable level of
intelligence. Developing this kind of robots requires the development of
intelligence thinking at the system internal processing, centred on an or-
ganization of intelligence in terms of the configuration and interaction of
cognitive models. In this work a framework is proposed for a cognitive
model for the generation and adaptation of learned models of robot skills
for complying with task constraints. The proposed framework is meant to
allow: (a) for an operator to teach and demonstrate to the robot the motion
of a task skill it must reproduce. (b) To build a database with the
knowledge of the learned skills allowing for its storage, classification and
retrieval. (c) To adapt and generate learned models of a skill, to new con-
text, for compliance with the current task constraints.

1 Introduction

A major goal in robotics research is to develop human-like robotic systems
capable of interacting and collaborating with humans. Humanoid robots
are particularly suitable for these duties because they are able to interact
with the environment using the same tools designed for humans, (Am-
brose, 2000). Since humanoid robots are designed to resemble a human
shape and to poses human capabilities, they would be ideally suitable for
performing tasks and to safely share the same space and activities with
people.
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Working alongside humans means dealing with continuously changing
environments and a huge variability of tasks, thus the robots should have
the ability to continuously learn new skills and adapt the existing skills to
new contexts. The ultimate goal is for a robotic platform capable of per-
forming, autonomously, in the unstructured scenario of humans natural
environment. Humanoid robots must realize any number of tasks which
could be reasonably expected from them by its human operators, during
the normal development of a typical workday.

Great advances have been made in humanoid robotics research. There
currently exist robots that walk, run or climb stairs; that can handle and
manipulate objects, or carry heavy loads, etc. However, despite all advanc-
es, the ultimate goal of an intelligent and autonomous humanoid robot
companion is still far from reach. Future humanoid robots would need to
execute a wide range of movements in a natural human-like manner, pro-
cess information from multiple sensors into a reliable representation of the
world in order to understand and react to their environment. Also, they
would need to provide means for a meaningful interaction with their hu-
man partners; they must be engaging and responsive. And they must pre-
sent intelligent, natural, predictable and reasonable behaviours.

2 Intelligent Humanoid Robots Architectures

Development of intelligent systems is a long term goal in the fields of ro-
botics research, artificial intelligence and cognitive science. To truly ex-
ploit humanoid robots full potentiality it would be necessary to provide
them with an intelligence that is similar to humans. This presents an even
greater challenge than endowing humanoids with the ability to replicate
human-like motions or simulate human interactions. Particularly since the
process of human intelligence is one that is not fully understood, in which
many competing ideas can be found and where no generally accepted theo-
ry of intelligence exists that satisfies every group.

In (Albus, 1991) intelligence is defined as the ability of a system to act
appropriately in an uncertain environment, where appropriate action is un-
derstood as those that increases the chances of success for the behavioural
goal and subgoals. For (Poole, et al., 1998) an intelligent agent is one that
is flexible to changing environments and changing goals, learns from expe-
rience, and makes appropriate choices given perceptual limitations and
finite computation. For (Legg, et al., 2006) intelligence measures an agent
ability to achieve goals in a wide range of environments.
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World
Knowledge

Interaction

Learning

Fig. 1. Model for an architecture of intelligent agents. Systems for perception,
action, interaction, reasoning, world knowledge and learning are needed.

(Albus, 1991) proposed a model that integrates knowledge from re-
search in both natural and artificial systems. The model consists of hierar-
chical system architecture. Different levels of intelligence in the hierarchy
can be achieved. A minimal level of intelligent requires at least the ability
to sense the environment, make decisions and take actions. Higher levels
of intelligence may include the ability to recognize objects and events, to
represent knowledge in a world model and to reason about and plan for the
future. More elevated forms of intelligence provide the capacity to per-
ceive and understand, to choose wisely, and to act successfully under a
large variety of circumstances, (Albus, 1991). The current humanoid ro-
bots may only be around the minimum and mid-levels of intelligence. As
developments of systems, architectures and algorithms continue to advance
the intelligent capabilities of humanoid robots would increase. Humanoid
robots need to reach a functional level of intelligence that allows them to
function properly interacting with humans and the environment. Humanoid
robots need to achieve a sufficiently high level in the hierarchy as to be
considered by its human partners as intelligent, namely, a sensing, acting
system that perceives, learn, plan, and succeed in achieving its goals in the
world. This is a major challenge in humanoid robot research.

The model in (Albus, 1991), identifies four elemental systems of intelli-
gence: sensory processing, world modelling, behaviour generation, and
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value judgement. Similarly, (Langley, et al., 2009) identified the different
functions of cognition as perception, learning, motor control, reasoning,
problem solving, goal orientation, knowledge representation and commu-
nication. Fig. 1 illustrated a model of an architecture for an intelligent
agent.

2.1 Robot Planner-Based Architectures

Efforts in building intelligent robot systems first concentrated in the fun-
damental modules for perception, reason, and action. Under this view the
classical approach from Al emerged, decomposing the control systems for
autonomous robots into the three functional elements forming the sense-
plan-act cycle. The sensing system translates raw sensor input into a world
model. The planning system takes the goals and the world model and gen-
erates plans to achieve those goals. The execution system generates the
actions prescribed by the plan, (Gat, 2009).

Classical Al approaches focused their efforts on building intelligent sys-
tems on the symbolic representation of the physical world entities. And in
the believe that intelligent agents could be formulated as information pro-
cessing systems, taking a representation of the world as input and output-
ting appropriate set of actions. The development of planning or delibera-
tive strategies, that generates the sequences of tasks to accomplish robot
goals, is the central aspect of the classical Al control architectures. Work
in hierarchical planner-based or deliberative architectures focused on plan-
ning long-term actions. The system intelligence, is said to live, in the plan-
ner or the programmer, not the execution mechanism, (Gat, 2009).

The planner-based architecture presented its pros and its cons. They can
handle complex tasks by breaking them into more manageable sub task,
(Simmons, 1994). They allow for explicitly formulating task and goals of
the system and estimating the quality of the agents performance, (Mataric,
1997). And they can produce optimal, domain-independent solution. How-
ever, they generally fail to address uncertainty, and are therefore unfit to
operate in changing environments, since they are unable to re-plan its ac-
tions quickly enough. Planner-based approaches have high computational
costs.

2.2 Robot Behaviour-Based Architectures

The ideas that real intelligence is situated in the world and that the intelli-
gence behaviours can only emerge as a result of an agent interaction with
the environment, gained preference. This novel Al approach was based on
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the hypothesis that to build intelligent systems it is necessary to have its
representations grounded in the physical world, (Brooks, 1990). Instead of
focusing on the design of systems capable of intelligent thinking, the em-
phasis changed to creating agents that could act intelligently. The behav-
iour-based or paradigm is founded on the building of behaviours, direct
couplings of sensory inputs to a pattern of actions that in turn carries out a
specific task (Murphy, 2000).

Reactive architecture is that it does not include any kind of central sym-
bolic world model, and does not use complex symbolic reasoning,
(Wooldridge, et al., 1995). The behaviour-based paradigm presents a direct
coupling between perception and action. A collection of preprogrammed
condition-action pairs is embedded into the agent control strategy. The
behaviours in behaviour-based architectures typically consist of a collec-
tion of rules, taking inputs from sensors or other behaviours in the system,
and sending outputs to the effectors, or other behaviours, (Nicolescu, et al.,
2002).

The behaviour-based approaches presented greatly improved perfor-
mances in robot navigation and obstacle avoidance. They also showed
great flexibility and adaptability, and were ideally suitable for performing
in dynamic and unpredictable environments. Also, behaviour-based ap-
proaches were robust, simple and computationally tractable. However,
they also have some drawbacks. Behaviours-based architectures do not
include explicitly the achievement of a goal in their behaviour description.
Behaviour-based approaches only include ‘local' information, collected
form the environment, they present a short-term view, with no long-term
planning capabilities, and offered limited applicability.

2.3 Robot Hybrid Architectures

The hybrid deliberative/reactive architectures emerged as attempts to
bridge the two approaches and use the strengths of each other in reducing
their respective shortcomings. In practice, this meant the integration of the
planning aspect of the hierarchical deliberative paradigm with the rapid
execution capabilities of the reactive paradigm, (De Silva, et al., 2008).
The hybrid architectures idea was to attempt a compromise between the
purely reactive and deliberative approaches and integrated both of them as
subsystems of the architecture. Hybrid architectures usually divide the
control system into a layered structure. The architecture needs the integra-
tion of three separate components: reactive feedback mechanism for con-
trolling low-level primitive activities; deliberative planning system for de-
cision-making computations; and sequencing system controlling the inter-
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actions between the other two components.

Hybrid architectures presented advantages over both purely deliberative
and purely reactive architectures. Hybrid architectures combined the rapid
real-time responses and ability to adapt to quickly changing environments
provided by behaviour-based systems with the higher level reasoning,
planning and decision making capabilities of planner-based approaches,
enabling them to perform in a wider range of tasks, coupling the strengths
of both paradigms, providing more successful intelligent agents. Anyway,
these types of architectures are not devoid of problems and critics. Hybrid
deliberative/reactive architectures tend mostly to be very specific, applica-
tion dependent, and lacking general design guiding methodologies.

2.4 Robot Cognitive Architectures

When thinking about building robots with human level intelligence and
functionality, the agents architecture structural paradigm shifts from the
production and emergence of intelligent behaviours as a system output,
towards a viewpoint whose main pursuit is in the development of intelli-
gence thinking at the system internal processing, centred on the mecha-
nism that allows for the generation of thought and the interior workings of
cognition. This calls for an organization of intelligence in terms of cogni-
tive models.

Cognitive architectures specify the underlying infrastructure for an intel-
ligent system. A cognitive architecture is an organizational structure, of
knowledge representations and functional structures, set for enabling the
modelling of cognitive phenomena, (Albus, et al., 2005).A cognitive archi-
tecture would attempt to provide the basic primitive computational re-
sources needed for developing intelligent systems. Amount their properties
are those related to memory, representation, processing, organization, per-
formance, interaction, reasoning, and learning. Research on cognitive ar-
chitectures is a very important topic since it supports a central goal of arti-
ficial intelligence, cognitive science, and robotics, the creation and under-
standing of agents build for supporting the same capabilities as humans
(Langley, et al., 2009). The cognitive architectures must allow for the exe-
cution of skills and actions in the environment. The architecture must be
able to represent and store motor skills that enable the agent’s activity.

Efforts in cognitive architectures have produced important advances in
cognition, reasoning and conceptual aspects of human thinking. (Levesque,
et al., 2008) offers an overview of the challenges and efforts taken in the
subject of cognitive robotics. Further research in cognitive architectures,
frameworks and cognitive models, is important to improve the control and
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design of the intelligent robotic agents. The most obvious arena for im-
provement concerns the introduction of new capabilities, and additional
research on the structures and processes that support such capabilities,
(Langley, et al., 2009), which bear the wide range of human skills and
cognitive abilities.

Table 1. Architectures for Humanoid Robots

Architectures Planner Behaviour Hybrid Cognitive
Design Sense-Plan-Act Hierarchy of Low-level reactive Interconnected
Paradigm cycle coupled sense-act  layers and high-level structure of
behaviours deliberative layers functional cog-
nitive modules
Strengths -Planning of long ~ -Improved navi- -Combine real-time -Solid basis for
term actions. gation and obsta-  response and adapta-  building intelli-
-Breaks complex cle avoidance. bility of reactive sys- gent systems.
task into subtask.  -Great efficiency tems with planning -Inter-
-Can produce at run-time. and decision making  connected mod-
optimal, domain- -Robust, simple of deliberative ap- els of cognitive
independent solu-  and computation- proaches. abilities support
tions. ally tractable. range of skills
and actions.
Challenges -Fail to address -No long-term -Very application -Introduce new
uncertainty. planning. dependant. capabilities.
-High computa-  -Limited applica-  -Lack general design,  -Address agent
tional cost. bility. methodologies. physical limited
-Poor perfor- -Difficult to de- -Difficult to general- resources.
mance when bug and under- ize in varying do- -Experimental
frequent replan- stand emerging mains. methods to
ning. behaviour. evaluate archi-
tectures.
Implementations ~ STRIPS, IRMA, Subsumption ATLANTIS, SSS, 3T, Soar, ICARUS,
etc. AuRA, etc ACT-R,EPIC
Applicability Unfit to operate Offered limited Couples strengths of ~ Support goal for
Humanoid in changing envi- applicability deliberative/reactive intelligent arti-
Robots ronments confined to low- paradigms. Lacks of ficial systems.

level tasks

good theoretical mod-
els

Further research
is important

In Table 1 the most relevant aspects and shortcomings of the intelligent
architecture approaches for developing humanoid robots are summarized.
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3 Cognitive Model of Learning and Adaptation of Skills to
Task Constraints

The humanoid robots of the future, capable of working autonomously and
serving humans, required of them to have advanced motor control skills,
comprehensive perceptual systems, and suitable intelligence. With an in-
telligent agent being understood as in (Poole, et al., 1998), as one that is
flexible to changing environments and changing goals, learns from experi-
ence, and makes appropriate choices given perceptual limitations and finite
computation. The previous sections presented a review of different ap-
proaches for developing a robot's functional architecture that would endow
them with the capabilities for performing intelligent behaviours in the en-
vironment. Clearly this is a very challenging topic in which it has not yet
been reached completely satisfactory solutions, although great efforts and
advances have been made over the years obtaining important contributions
through the field. The deliberative planning approaches, while applicable
for state-space search and scheduling systems, proved to be unfit to oper-
ate in changing environments as would be require of humanoid robots. The
behaviour-based approaches presented great performances in robot naviga-
tion and obstacle avoidance, and in dynamic and unpredictable environ-
ments, yet their true applicability is limited to low-level behaviours and
they would not be suitable to deal with the complexities of behaviours pre-
sent in humanoid robots. The hybrid approaches attempted to combine the
strengths of deliberative and reactive approaches and can be readily em-
ployed as the system architecture for several robotic platforms, however
when the focus of research goes to building humanoid robots, designed to
present a full human level intelligence, different mechanism are necessary
to replicate the complex level of skills and operations presented by hu-
mans. The agent’s architecture paradigm shifts from the production and
emergence of intelligent behaviours as a system output, towards a view in
the development of intelligence thinking at the system internal processing,
centred on an organization of intelligence in terms of the configuration and
interaction of cognitive models. Research in cognitive architectures consti-
tute a solid basis for building intelligent systems, but even though some
attempts on the field has been made for providing cognitive process for
humanoid robots, there are not fully developed cognitive architectures ca-
pable of endowing robots with the needed functional intelligence readily
available.

Humanoid robot agents to be successfully employed working alongside
human partners would need to address important challenges such as high-
level understanding, engaging interactions and quick adaptations to envi-
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ronmental dynamical changes, (Stoytchev, et al., 2001). The ability to self-
adapt and learn from experience is a major concern. In order to have hu-
manoid robots acting fluently in the world, interacting with different ob-
jects and people, robots must be able to learn and adapt its motor control to
dynamic changes in its interaction with the world, robot systems must be
continuously self-adapting, (Brooks, 1996). From all the above it is clearly
understood that humanoid robots in order to cope with working in continu-
ously changing environments and performing a huge variability of tasks,
must be provided with systems that allows them to continuously learn new
skills and adapt its existing skills to new contexts, as well as to robustly
reproduce its behaviours in a dynamical environment. Research efforts
must focus on building the necessary models of cognition that would allow
assembling the levels of intelligence.

In this work a framework is proposed for a cognitive model for the gen-
eration and adaptation of learned models of robot skills for complying with
task constraints, motivated on the design of multi-layered reference model
architecture in the spirit of (Albus, 1991), and influenced by the ideas of
Dynamical Systems approaches to embodied cognition, as promoted by
(vanGelder, et al., 1995), (Clark, et al., 1999), (Clark, 2004), (Beer, 2000).
And in the Robot Programming by Demonstration approaches for encod-
ing complex motions as Dynamical Systems first introduced by (Ijspeert,
et al., 2001), (Ijspeert, et al., 2002), representing movement plans as mix-
tures of non-linear differential equations with well-defined attractor dy-
namics. Following a view which claims that models of cognition must be
embodied processes capturing the unfolding of cognition in time, mindful
of the associated sensory and motor surfaces embedded in the environ-
ment in which cognitive phenomena takes place, for (Schoner, 2008). And
that a systems internal representations may be modelled not as simple in-
ner states but as dynamical patterns of just about any conceivable kind,
(Clark, 2004). Here, thought can be described by variables governed by a
set of non-linear differential equations and an agent behaviour can be gen-
erated from the complex dynamical evolution of stable states and their in-
stabilities in a non-linear dynamical system, (Schoner, 2008).

The proposed framework is meant to allow:

e For an operator to teach and demonstrate to the robot the motion
of a task skill it must reproduce.

e To build a database with the knowledge of the learned skills al-
lowing for its storage, classification and retrieval.

e To adapt and generate learned models of a skill, to new context,
for compliance with the current task constraints.
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Our propose framework is illustrated in Fig. 2.
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Fig. 2. Propose framework for a cognitive model for adaptation of learned
models of robot skills for complying with task constraints. A database of the skills
knowledge (2) is built with the models of the skills learned by demonstrations (1).
The constraints of a requested task are extracted from the perception of the world
state. With the current task constraints and the models of a skill retrieved from the
knowledge database an adapted task model (3) is generated for reproduction (4).

4 Learning Models of a Skill from Demonstrations

The robot skills motions would be learned as a time independent model of
the motion dynamics estimated through a set of first order non-linear mul-
tivariate dynamical systems, as in the proposed approach of (Ijspeert, et al.,
2002). To teach and learn the robot skills a Robot Programming by
Demonstration (RPbD) or Learning from Demonstration (LfD) framework
is implemented. Adopting an imitation learning approach provides intui-
tive and user-friendly methods to teach tasks to a robot by demonstrating
the skills, and they don't require for the user to have expert programming
skills.

Adopting non-linear dynamics systems theory has become an increas-
ingly accepted practice in several branches of sciences. The field of neural
control of movement has long suggested to model movement phenomena
with dynamical systems, (Kelso, 1995). Encapsulating the dynamics of the
movement into a dynamical system encoding is a promising approach to
learning movement trajectories, (Billard, et al., 2008).

A Dynamical Systems (DS) approach to skill learning can offer a fast,
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simple and powerful formulation for representing and generating move-
ment plans, learned from demonstration. The DS framework allows com-
plying with the attractor dynamics of the desired behaviour, modulating it
with a set of non-linear dynamic systems that form an autonomous control
policy for motor control. Statistical learning techniques can be used to ar-
bitrarily shape the attractor landscape of the control policy for encoding
within the desired trajectory, going from an initial state to an end state
driven by the attractor dynamics. DS are intrinsically robust and can adapt
its trajectories instantly in the face of spatio-temporal perturbations,
(Khansari, et al., 2010). The DS do not explicitly depend on time indexing
and provide closed loop control and are able to model arbitrary non-linear
dynamics, (Gribovskaya, et al., 2010). The DS can also be easily modulat-
ed to generate new trajectories that have similar dynamics, performing in
areas that were not covered during demonstrations, (Khansari, et al., 2011).

4.1 Stable Estimator of Dynamical Systems

(Khansari, et al., 2011) proposed a learning method, called Stable Estima-
tor of Dynamical Systems (SEDS), to learn the parameters of the DS that
ensure for all motions to closely follow the demonstrations dynamics. The
approach formulates the encoding as a control law that is driven by a first-
order autonomous non-linear ODE with Gaussian Mixtures.

The state of the robotic system & is assumed to be governable by an au-
tonomous dynamical system, with a single equilibrium point. And the set
of N-dimensional demonstrated data points to be represented as fxt, %i }‘le.
A probabilistic framework is employed to build an estimate f, of the non-
linear state transition map f, based on the set of demonstrations. The dy-
namics of the motion are learned thus by modelling the estimate f via a
finite mixture of Gaussian functions, f is define as a non-linear combina-
tion of a finite set of Gaussian kernels using the GMM, (Gribovskaya, et
al., 2010). A mixture model of K components is defined by a probability
density function,

@ =) plopG0

where £ is a data point, p(k) is the prior probability and p(£|k) is the
conditional probability. The GMM computes a joint probability density
function for the input and the output so that the probability of the output
conditioned on the input are a Mixture of Gaussian.

The GMM define a joint probability distribution p(&?, %) of the training
set of demonstrated trajectories as a mixture of the K Gaussian multivari-
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ate distributions N'¥, with 7%, u*, and ¥, respectively the prior, mean and
covariance matrix, parameters of the Gaussian component k. Therefore the
parameters in Eq. 1 become,
plk) = =¥
p(lk) = N(& p*, %) (2)

The mixture of Gaussian functions would estimate the non-linear func-
tion f, thus the unknown parameters 8 of f, are define by the prior, T¥, the
mean, 1¥, and the covariance matrix, ¥, of the K Gaussian functions,
such that 8 = {m*, u*,E*},

To generate a new trajectory from the GMM, one then can sample from
the probability distribution function p{e}' & }, this process is called Gaussian
Mixture Regression (GMR). So it is possible after training, to recover the
expected output variable £ given the observed input in £. This process is
called Gaussian Mixture Regression. The GMR process takes the condi-
tional mean estimate of p{’g’ |& *j, the estimate of our function can be ex-
pressed by,

K
£=) w58 G ) ) @
k=1

p(&u*,25)
(& pe,EF)
K

where, h* (&) =

with R*(£) =0 and ¥ h*(¥)=1

The process for encoding the dynamics of a motion through GMM, and
GMR, is illustrated on Fig. 3.

To build a globally asymptotically stable DS a set of sufficient stability
conditions is established. It is need then to determine the unknown pa-
rameters, 8 = {m*,u* T¥} of the estimate of f, such that, by starting the
motion from any point in the state space the energy of the system decreas-
es until it reaches the target. Learning the parameters of the GMM pro-
ceeds as a constraint optimization problem, ensuring that the model satisfy
global asymptotic stability of the DS at the target, (Khansari, et al., 2010).
For the optimization objective a function based in the log-likelihood,
SEDS-likelihood, is used as a means to quantify the accuracy of esti-

mations, computes the optimal values of & by solving,
DT

minj(6) = — . Y np ((5565)8) (@

i=1t=0
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Fig. 3. [llustration of the GMM-GMR inference process for reproducing
learned trajectories.

The approach provides a sound ground for the estimation of non-linear
DS which is not heuristic driven and, thus, has the potential for much larg-
er sets of applications. Also, by presenting the properties of being time-
invariant and globally asymptotically stable at the target, the DS estimated
with SEDS are able to respond immediately and appropriately to perturba-
tions that could be encountered during reproduction of the motion.

5 Representation of Skills Knowledge

For a robotic system to perform different skills and task in a changing and
unstructured scenario it is important to develop a structure in which to or-
ganize its acquired knowledge in a manner that allows it to retrieve it in
order to use it to deal with the current context constraints.

The aim is to populate a Knowledge database of the available robot
skills for reproduction, learned as multivariate dynamical systems from
demonstrations. Dynamical system parameters, attractors, trajectories, bi-
furcations, can be regarded with a representational status, storing
knowledge which can influenced behaviour, (vanGelder, et al., 1995). The
knowledge database needs to hold all necessary information for reproduc-
tion of the skills.

Before one can start to deal with the issues of building a representation
of the world, and the commitments it must ascribe to for the representa-
tions of knowledge and the process of reasoning to work, a key decision
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must be made on which aspects of the world one will focus on and which
aspects of the world one will choose to ignore, and how the knowledge
about the world would be structured. For any representational system the
question of what is needed to be modelled and what can be ignored or ab-
stracted away is a fundamental issue, (Anderson, 2003). The abstractions
are necessary because no system can possible manage a world model that
includes the whole of the world.

Traditional representations in artificial intelligence have focused on the
symbolic discrete representation of objects and actions, (Geib, et al.,
2006). The objects-actions dichotomy is an important abstraction for the
performance of robots as embodied cognitive situated agents. A majority
of approaches in cognitive architectures focus on skill knowledge about
how to generate or execute sequences of actions, while often relegating
equally important conceptual knowledge dealing with categories of ob-
jects, situations or other concepts, (Langley, et al., 2009).

A robot task behaviour will be considered to be of the form <robot pick
blue ball>, <robot place cup on plate>, etc. in which an action is describe
requesting an operation upon an object for a goal oriented skill task behav-
iour. Therefore the Skills Knowledge database must represent elements in
two principal directions, of objects and task actions. Since for a single be-
haviour there could be more than one pairing <object, task model> the ad-
dition of at least one more dimension could be required in order to prevent
ambiguities.At least one more direction for representations would seem
necessary, like a description of the state of the environment. To resolve
this problems it is suggested to considered two more representational di-
rectives, one for the task goal, and one for the configuration of the current
state of the world, mainly objects position and relations with themselves,
the robot and a human operator.

Much of an agent's knowledge must consist of skills, concepts and facts
about the world. The importance of dealing with objects when developing
robotic agents which must perform in the world seems quite evident, since
most of a robot's operations in the environment would be bound to the ma-
nipulation of an object. It seems clear that the representational attributions
must be oriented to dealing with objects in the environment and the actions
that can be executed on them. In order to deal with changing dynamic en-
vironments representations must also have the ability to handle different
situations or events. Recognizing different events or situations in the envi-
ronments and the objects and actions that pertain to the current configura-
tion of the environment is a crucial ability that the robotic systems dis-
cussed here must be able to possess. A robot must be able to extract from
the world the relevant information of the objects, and the actions they af-
ford, and relate them to an event of its task, and must be able to express
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this knowledge in representational terms, in order to perform and take ac-
tion in the environment. Fig. 4 shows the representation of the skills in the
knowledge database.

PlaceB

PlaceA |

Pick |

E
T e X Task Model

Grasp1-

% Object

Fig. 4. Illustration of the GMM-GMR inference process for reproducing
learned trajectories.

In this way, a task behaviour could be represented by the for “Do a
Task (A4), To an Object (X), For achieving Goal (Z), When current State
of the World (W)”. Therefore, the tuple formed by by <Do = Task(4), To
= Object(X), For = Goal(Z), When = World State(W)> holds all necessary
information for the reproduction of the task behaviour.

For example, in <robot pick blue ball> we’ll have, <Do = Pick r, To =
Ball b, For = * When = + >, where the World State, +, could perhaps
help infer that right hand is the closest to the object, and therefore the best
model to choose would be Pick r, or alternative, it could have the meaning
that the right hand path has obstacles and is better to use Pick /.

6 Generation of Robot Skills

When receiving order commands for reproduction of a skill, there could
be several instances in which an adaptation of previously learned models
or generation of new task models becomes necessary. The robotic system
would be able to retrieve the closer models of a task from the knowledge
base by finding the answer to the phrase “Do Action (A) ...” for its current
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task constraints when being presented with the triple <Object, Goal, World
State>. Using both, the already learned model of a skill, and the extracted
constraints information of the current task, the model of the skill is adapted
to reproduce the new task. The robot would be given from the different
models of perception and interaction the required appropriate commands
ordering the reproduction of a skill. Therefore the process for reproduction
of a skill is reduced to a search in the Knowledge base for the appropriated
Task Model satisfying the desired command and reproducing the obtained
skill behaviour, given by <Task, Object, Goal, World State>.

The process for automatic generation of a new skill model can be sum-
marized as follows. First, identifying the closest models similar to request-
ed task <Object, Goal, World State>. Compare the models and classified
them. If they are similar merge them and update the database representa-
tion of Model MRS* When no similarity can be found and the models are
too different, combine the Models as a Mixture of Experts, identifying
their regions of “expertise”, where each model contribution would be more
dominant. And reproduce the skill behaviour given by <NewModel, Ob-
ject, Goal, World State>.

The idea behind is that different components of the learned models of
skills can model the new skill distribution in different regions of input
space, and will look to determine the functions that decide which compo-
nents are domjnant in yvhich region. Fig. 5 illustrates the process.

&
Fig. 5. Generation of a new model by combining previously learned models.
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7 Discussion and Future Work

This work is centred on the aspiration of building humanoid robots capable
of interacting with humans in their homes, workplaces, and communities,
providing support in several areas, and collaborating with humans in the
same unstructured working environments. The aspiration is to have hu-
manoid robots acting as robot companions and co-workers sharing the
same space, tools, and activities. This paper focus is on topics concerning
the learning, representation, generation and adaptation, and reproduction of
robot skills.

The main contribution of this work is the proposition of a framework for
the generation and adaptation of learned models of a skill for complying
with task constraints, Fig. 2. In which a database of the skills is built with
the models of the skills learned through demonstrations. During execution
the constraints of a requested task are extracted from the perception of the
world state and the models of an appropriate skill are retrieved from the
skills knowledge database. With all available information a new adapted
task model is generated for reproduction.

A Learning from Demonstration algorithm have been studied and im-
plemented in teaching and learning with the robot the different sets of
skills employed in the rest of the framework.

A knowledge database of skills has been developed and implemented.
The knowledge database allows for the storage, classification and retrieval
of learned models of skills. A knowledge database is populated with the
robot available skills, learned by demonstration, for latter reproduction.

Also, modalities that allows for the adaptation and generation of new
skill models based on the already learned models of skills stored in the
knowledge database has been developed and implemented. To adapt and
generate a task model, the closest models of a skill are combine as a mix-
ture of experts, identifying the regions of expertise" where each model
contribution would be more dominant.
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In this work, we present a method to tag objects by applying a color model
learned from another source object. We learn the statistical color model of
objects using Gaussian Mixture Models and Expectation-Maximization
algorithm. The source model is transferred to the target object to be tagged
by matching the Gaussian distribution that best describe the color struc-
ture. This makes the target gain the color model of the source while main-
taining its initial appearance. This algorithm can be used in Human-Robot
Interaction to visually tag objects for selection, targeting or discrimination.
We perform some experiments to test our proposed method.

1 Introduction

To allow robots to share their living space with humans, they must be able
to understand the environment and act intelligently. One of the first steps
to accomplish this behavior is enabling robots to identify objects or people.
However, in many cases, this is a complex task for the robot alone. Hu-
mans can help the robot to understand the environment by helping it to
select and tag targets with which to perform a desired task. This can be
done by teleoperation (Pierro, 2009), interaction through gestures (Bueno,
2012) or Learning from Demonstration (Argall, 2008).

Object tagging is an area of research that has many applications in social
networks and in the Internet in general, and it is widely addressed in com-
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puter vision. In (Bergman, 2011), an automatic method for object tagging
is presented, where objects like skin, the sky or foliage are automatically
tagged. Another popular method is the “bag of words” (Csurka, 2004),
where a bag of features treated like words is computed, and then classified
to visually categorize objects.

Despite these efforts, there is still a huge gap between what a human is
capable of tagging and automatic selection, as (Pavlidis, 2009) defends.
There is a growing interest on relying on humans to solve this difficult
computer vision tasks (Sigala, 2004). A widely known method is the re-
CAPTCHA of Google (Von Ahn, 2008), which aims to digitalize old texts
with the help of millions of users throughout the web. The first of the two
words that appears in a reCAPTCHA is used for security reasons, to find
out if the user is a human or a machine. The second one is a word that
Google is not capable of recognizing using OCR methods, and is thus pre-
sented to the user for human identification.

In this paper we propose a supervised method to tag objects using color
substitution. In a first step a color model of the source object is learned
using Gaussian Mixture Models (GMM). This color is then applied to the
target object, but maintaining the shape and visual structure of the target.
As a result, the object changes its color but it is still identifiable by the
human. Some examples of color substitution are (Pitie, 2005), that per-
forms histogram matching, or (Tai, 2005), that makes parametric match-
ing. Our work is based on (Huang, 2009), that proposed a method of image
recoloring to help colorblind people to recognize objects. The authors
swap colors that people with color vision deficiencies may have difficul-
ties in perceiving with colors that they may identify more easily. The final
color model application is performed through the method described in
(Saphira, 2009).

The aim of this work is to make it easier for a human to interact with a
robot in a cluttered environment. Usually, object tagging is performed us-
ing a bounding box that surrounds the target object, and at times an at-
tached text. Our proposed method allows the recoloring of objects from a
determined source, avoiding the use of occluding bounding boxes. Addi-
tionally, different classes of objects may be tagged with user friendly and
easily recognizable patterns. Fig. 1 presents a side-by-side view of the
bounding box method and the proposed method.
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Fig. 1. On the left side: the usual tagging system, the object is tagged by a bound-
ing box and a text where the type is expressed. On the right side: our proposal, the
object is tagged using a determined source color model, in this case red. As it can
be seen, occlusion of the environment by the bounding box (left) is avoided
through the use of the presented recoloring mechanism.

The document is ordered as follows: Section 2 outlines the basic mathe-
matical used tools, Section 3 explains how the objects are tagged by color
substitution, Section 4 presents the experiments, and Section 5 provides
several conclusions.

2 Basic tools

This section reviews some of the most relevant algorithms that the authors
use to perform the presented segmentation and tagging recoloring process.

2.1 Gaussian Mixture Model

A Gaussian Mixture Model (GMM) is a parametric probabilistic model for
representing subpopulations in training datasets of points. It can be ex-
pressed as a weighted sum of M multivariate Gaussian distributions. As
explained in (Reynolds, 2008), this model can be expressed as:

M
p(xl\) =Y wig(xu;, 3) )
i=1

Where x is a D-dimensional data VECtOI’, w; are the mixture weights, and g
is the multivariate Gaussian probabilistic density function. This density
function is defined by:
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where g is the mean vector and X; is the covariance matrix. This is a

general model that can express several specific scenarios, i.e. a single
Gaussian model (where M=1), a univariate Gaussian model (where the
mean and covariance are actually scalars), or a case where the information
among the axes is non-correlated (resulting in a diagonal covariance ma-
trix instead of a full one).

A number of algorithms exist to determine the numerical values of the
parameters of a GMM such that it correctly predicts the values of a train-
ing dataset x. The quality of this prediction is equal to the likelihood of the
dataset x given the parameters A . This is,

T

LA x) = p(x[A) = [ ol V) 3

t=1

where the parameters A for a GMM are M, w,  and 2. Thus, the problem
of determining the best predictor is equivalent to finding the parameters
that optimize the likelihood. This gives name to the family of Maximum
Likelihood Estimation (MLE) algorithms. While MLE for simple distribu-
tions is trivial, the GMM case presents a non-linear function of the pa-
rameters. The MLE of a GMM may solved through iterative methods, such
as the Expectation-Maximization (EM) algorithm.

The EM algorithm is initialized with a set of a priori parameters 1 . At
each iteration, the algorithm looks for a set parameters A’ such that
p(x]17) > p(x| 2). This process is repeated until convergence within a
specified threshold reference. The following set of equations guarantee a
monotonic increase of the likelihood thus enabling the advance towards an
optimal model. They update the expectation of the Gaussian moments and
thus compose the Expectation (E step) of the EM algorithm:

Mixture weights:

T
1
I .
w) = ;mlxt,k) @
Means: T_ 1|xe, N
M{ o Zt_lp( | 4 ) t )

C Caplilz N
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Variances:
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where W,, 1, and o, refer to arbitrary elements of their respective vec-

(6)

tors. The Maximization (M step) of the EM algorithm is performed by
computing the a posteriori distribution. For component i, this is given by:

. wig (e i, 2
p(l|xt,)\) o g( 1f|lu )

= 7
S wig (e ) @

2.2 GrabCut Algorithm

We make use of the GrabCut algorithm (Rother, 2004) to segment the im-
age. GrabCut uses Gaussian Mixture Models and Expectation Maximiza-
tion to find globally optimal segmented solutions.

The Grabcut algorithm includes two parts, hard segmentation and border
matting. In the hard segmentation phase, the algorithm estimates the fore-
ground and the background of the image by using an iterative version of
graph-cut optimization (Boykov, 2001). Then, in the border matting phase,
alpha values are obtained in a narrow region in the surroundings of the
segmentation boundary.

2.3 Kullback-Leibler divergence

The Kullback—Leibler divergence (KL) is a method for determining the
similarity between two probabilistic distributions (Kullback, 1951). Usual-
ly, one of the distributions is the real data (P) and the other (Q) is the dis-
tribution model that you want to use as an interpretation of your data. KL
is a measure of how much information your model gives you about the
data you are modeling. Formally, for discrete systems, KL is defined as:

P(i)) 5 (8)
o™

which can be described as the sum of the likelihood of observing one data
with the distribution P if the particular model Q actually generates the data.
The lower the KL distance is, the more similar the distributions are. In oth-
er words, lower KL results indicate that the statistical model Q, assumed

Dkr(Pl|Q) = Zl"(
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for interpret the real data P, is good explaining it. Notice that this measure
is distinct when talking about Dy, (P||Q) and Dy (Q||P). This is the reason
why it is considered a “non-symmetric” distance.

3 Tagging objects by color substitution

The full process of target object recoloring is depicted in Fig. 2.

referen

! | i

Extraction color Identification and Extraction color Matching color
model from —> |classification each|—>>| model from each [——> mogel —> | Apply color model
reference images object of interest object of interest

Fig. 2. Full process.
It basically consists in the following 5 distinct steps.

1) We extract the color model of the reference images; each of them repre-
sents a category. This process is actually three-fold:
e Selection of the images from which to extract the color model.
e Segmentation of each object using the GrabCut algorithm, as ex-
plained in Section 2.1.
e Estimation of its GMM color model using the EM algorithm, both
explained in Section 2.2.

2) In the target image, we perform a supervised identification of objects of
interest. For this purpose we select the area of each object of interest and
classify them within the categories available.

3) We segment each of the identified objects and extract their color model.

4) Using the KL distance described in Section 2.3, we match the Gaussi-
ans of the target object with that of the source object.

5) We apply the color model to tag the object (recoloring) through the
method described in (Saphira, 2009).

As a result, we obtain a target image tagged with the source color. The
next step would be to perform a task like monitoring, searching, tracking
or targeting.
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4 Experiments

Some results of our proposal are shown in Fig. 3, Fig. 4 and Fig. 5.

: an orange. In the center: an apple: On the right
orange recolored like an apple.

¥

i. 4. Process of image color substitution: The target object is selected (left im-
age), extraction of color model of source object (center image), application of col-
or model to the target object (right object).

Fig. 5. Process of image color substitution, swapping the source and the target.

Initially we select GMM with 3 components to define RGB values, one
component to describe each channel. However, instead of choosing three
components, we could have actually chosen any number of Gaussian com-
ponents. The results with several different choices are shown in Fig. 6.
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Gaussians.

Fig 6. From e‘.ft‘ to r1t, objet reco onn usin 3, J an

One of the drawbacks of our application is that only a uniform color
model can be learned at the same time. To use 2 or more colors for tag-
ging, the process should be repeated for every color.

5 Conclusions

This paper proposes a tagging system for objects to be used in human-
robot interaction for selection, discrimination or targeting. Target objects
are tagged by color recoloring instead of the classical bounding box mech-
anism, thus avoiding environmental occlusion (especially relevant in clut-
tered environments) and the possibility of applying user-friendly color pat-
terns for labeling. This process can be repeated for any object that we need
to tag. In a cluttered environment, where it is difficult to distinguish be-
tween objects, our tagging system could be useful since it is friendlier from
a visual point of view.

As a future work we propose to create an interface where our system is
integrated with the vision of the robot, then a human operator can interact
with the environment easily and benefit from the advantages of our tagging
system.
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CAPITULO 6

DISTINGUISHING BETWEEN SIMILAR OBJECTS
BASED ON GEOMETRICAL FEATURES IN 3D
PERCEPTION
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In this study, we propose a meta-classifier to identify and distinguish be-
tween objects with confusable geometry, similar in appearance, colors and
dimensions. The suggested classifier is able to differentiate successfully
between 3D point clouds with a high degree of similarity extracting pa-
rameters such as 3D features from the surface of the cluster, absolute geo-
metrical boundaries and also color distributions. Objects are until now de-
tected based on its Viewpoint Feature Histograms (VFH) with the down-
side of being scale independent, making difficult the segmentation of items
with simile geometry. Furthermore, this paper discusses several distance
metrics to choose which one fits most with VFH descriptors. We present
several experiments that validate the model and corroborate the meta-
classifier here proposed.

1 Introduction

During the last years, object recognition has turned into a prior research
line in robotics. The idea of designing robots capable of detecting and rec-
ognizing objects in their vicinity make more natural and prosperous their
integration in humanlike scenarios such as offices, kitchens (Rusu, 2010)
or living rooms (Bueno, 2012; Liu, 2001). With the aim of detecting and
interacting with these objects, robot perception abilities have to be mostly
enhanced. Time-Of-Flight technology and structured-light have become
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decisive in perception sensorial devices such as Kinect camera or Asus
Xtion Pro Live. Those instruments are capable of capturing RGB-D point
clouds at high frame rates allowing robots to interpret and analyze with
clarity what is coming about (Rusinkiewicz, 2002) and consequently react
to these perturbations.

Objects are intended to be detected mostly for grasping. This fact leads
to a consequent challenge: items have to be not only successfully detected
but also favorably located in order to determine the path to reach and grasp
them (Bueno, 2011). This requirement demands two different goals: object
pose by means of its 6 DOF and object labeling based on its inherent fea-
tures such as color, texture, shape, 3D key-points, geometry, center of
gravity, etc. For the first purpose, there exist multiple strategies such as 3D
recognition based on correspondence grouping using SHOT32 features,
ICP-like algorithms (Rusinkiewicz, 2001) or 3D matching (Bueno, 2012;
Scovanner, 2007; Knopp, 2010). For the last, 3D features are necessary.
Some of the perception features used nowadays are SIFT 3D (Scovanner,
2007), NARF (Bueno, 2012), SURF 3D (Knopp, 2010; Bay, 2006) or
FPFH (Rusu, 2009) among others. Without exception, they extract con-
sistent features from a 3D point cloud cluster such as edges, normal varia-
tions on the surfaces or intrinsic geometric models such as lines, planes or
spheres.

This study is focused on FPFH (Rusu, 2010), a histogram of values that
represents with a single histogram the variations and most remarkable var-
iations for a specific surface. FPFH histogram might be used to search sim-
ilarities among different objects with scale invariability. This feature be-
comes an issue when databases are composed by scaled versions of similar
objects at different scales (this circumstance is quite common for kitchen
items such as spoons, mugs, glasses or dishes). Classifiers are always sup-
ported by a distance metric in charge of comparing candidates with the
observed guest. The selection of a correct metric can affect directly to the
recognition rates as discussed in (Martin, 2009).

Subsequent sections of this paper are organized as follows. Section 2 is
a formal description of FPFH histogram. Then section 3 presents the pro-
posed meta-classifier algorithm to detect similar histogram. Afterwards in
section 4 the experimental results are discussed and later section 5 ad-
dresses the highlighted conclusions.
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2 Point Feature Histogram

There exist multiple alternatives to represent and interpret surfaces. As a
general rule those techniques analyze point cloud curvatures and normals
along the surfaces to reduce a high dimensional problem into something
more manageable. Most scenes will contain 3D clusters that may represent
dissimilar objects or not, making challenging to create a wide representa-
tion for 3D point clouds into a single feature list. (Rusu, 2009; Rusu, 2010)
proposes a novel point features representation named Point Feature Histo-
gram (PFH) based on the curvature and normal orientation between neigh-
bors in a certain point cloud. Since surface normals and curvature estima-
tions are able to capture precise details of the geometry around a point,
most algorithms base their intention focusing on them to deal with false
correspondences.

In order to enhance recognition approaches, there exist many different
feature representations for a surface. In general it would be ideal to repre-
sent each point with an information label that contains the geometry class
it belongs to: edge point, spherical surface point, etc.

Following the above, there is a need of finding a multi-dimensional fea-
ture space which separates surfaces in different categories. In terms of
point-wise analysis, the concept of a dual-ring neighborhood is introduced

for any point P, € g as
ki

=
Ar,r, eR,r, <1, such that{ ! gok ,with 0 <k, <Kk,

L=

where g represents the complete set of 3D points. Both radii I, I, have
a specific target. While I, represents the surface normal at the query
point p;, obtained from the Principal Component Analysis of the neigh-
borhood patch gokl . The radius T, delimits the PFH representation itself.

As it has been stated before, the main goal of the PFH formulation is to
encode the gokz neighborhood’s geometrical properties by generalizing the
mean curvature around P, using a multi-dimensional histogram of values.
Assuming that normal values of neighbors of P, have been already com-
puted, it is possible to state that having two different points p;and p;the

relative difference between them can be defined as follows:
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being P, the source and p, the target. As the above condition takes

place, P, is chosen such that the angle between its associated normal and

the line connecting the two points is minimal. It is then defined a Darboux
coordinates frame at one of the points as shown in Fig. 1.

N

Fig. 1. Darboux coordinates frame at one of the point when computing PFH

where U=n_,V=UX ”( P = ps" and W=UxV. With this in mind, the

difference between the two normals N and N, is defined with

a=v-n (1)

e psll

0=tg" (\3’ :j 3)
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The quadruplet <a, 9,0, d> reduces the 12 values X, Y,z,n,,n,, N, (for
both points) to 4 with d = || p, — pS” , - The influence region diagram is
represented in Fig. 2 where P, represents a query point and its K neighbors

in a 3D sphere of radius I, are referred as p; .

0 @,

Y
Po q
e—9¢ O

ops e P

Fig. 2. Influence region diagrams for 3D neighbors in PFH

In order to encode the quadruplet for the whole point cloud, a histogram
is created. The quadruplet values are divided on bins forming a histogram
including on each bin the number of coincidences for this interval. Seeing
that three of the four values are angles it is straightforward to divide the
resulting values into equi-spaced bins.

2.1 Fast Point Feature Histogram

A first improvement for PFH consist on taking into account the histogram
of the enclosing neighbors for each point and take them into account cre-
ating an averaged histogram averaged,

e For each point p,a set of tuples <a,¢, 9> are computed be-

tween a query point and its neighbors using the equations de-
scribed above. This is called SPFH (Simplified PFH).

e then, for each point P, its histogram is recomputed taking into

account a weighted value of neighbors SPFH
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1&1
FPFH(pq):SPFH(pq)+EZ—-SPFH(pK) (4)
i=0 Wi
where W, represents a distance between the query point p,and a neigh-

bor point p, in some given metric space (for this study euclidean distance
metric will be computed). FPFH includes additional point pairs outside the
I, radius sphere with a re-weighting strategy that smooth local discontinui-
ties and define a better geometry around the query point.

2.2 View Point Feature Histogram

The second enhancement applied to FPFH concerns to the view point of
the object. FPFH is view point dependent because it does not take into ac-
count the position of the sensor and therefore it is not suitable for dynamic
scenarios such as mobile robot manipulators. To convert the feature esti-
mator view point independent this viewpoint information has to be extract-
ed from the quadruplet somehow. (Rusu, 2009) proposes to maintain
viewpoint invariance while retaining invariance to scale computing addi-
tional statistics between the viewpoint direction and the normals estimated
at each point.

The best way to remove this dependence is straight mixing the view-
point direction directly into the relative normal angle calculation in the
FPFH. A histogram of the angles that the viewpoint direction makes with
each normal is computed. This is done from the viewpoint direction at the
centroid of the cluster point cloud achieving the feature scale invariant.
The histogram VFH then is created as in Fig.3 where there is a viewpoint
component and then the FPFH component previously computed.

Viewpoint Feature Histogram

extended FPFH component
Pl

Viewpoint component

N
\

POINES falling In each bir

age of

Percent

Number of histogram bins

Fig. 3. Example of a VFH histogram with the extended PFH component
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3 Proposed algorithm

As it has been stated in the previous section, VFH is scale invariant. In
order to classify correctly objects with similar surfaces at different scales,
it has been proposed a meta-classifier that not only takes into account the
VFH histogram but also the absolute geometry of the object (height, width
and depth) and color texture (Red, Green and Blue). The following Fig. 4
contains some of the items included in the database created specifically for
this study.

v
vgv@e

Fig. 4. 3D and color representations for the different objects that form the data-
base. Notice that most of the items are geometrically similar.

As it can be noticed, there exist objects with similar surface shape but
different size or color. This becomes uncertain and miscalculated if only
FPFH features are taken into account during the categorization. For this
reason, a meta-classifier has been proposed as it is represented in the fol-
lowing Fig.5.

GEOMETRY }

([ FPFH__ | =
! ) OBJECT

Fig. 5: Diagram of the classifier proposed for this study. Distance metric can be
changed before filtering is done. The meta-classifier takes into account 3D surface
descriptors, color and geometry for each candidate.
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Geometry features contains absolute measures in the three axes giving
more significance to the height value. That condition is imposed to main-
tain the view-point invariance since width and depth depend on the rota-
tion of the object while height maintains constant relative to the supporting
plane, maintain detached from yaw angle.

The next subsections explain each filter part of the complete meta-
classifier. Firstly, the VFH filter will extract those objects from the data-
base with analogous surfaces. Secondly, geometric filter will pick out
those candidates which contain similar global geometry values. Lastly col-
or filter will be in charge of selecting the most color-like remaining candi-
date from the database.

3.1 Distance metric

In order to measure distances between distributions, several distance met-
rics have been proposed. One of the aims of this research is to determine
the degree of reliability for several f-functions to distinguish between dif-
ferent VFH histograms and color histograms. The list of functions and
their equations can be found in the following Table 1. It will be assumed
that all the distributions are normalized in order to satisfy the metrics con-
ditions.
Table. 1. Distance metrics used for this study. Name of the function and the
discrete-form equation

Distance metric Distance function
N
Euclidean d= /Z( P, — g )2
i1
N
Manhattan d= Z| P, — qi|
i
N
Bhattacharyya d=-In Z,/ p; —
i1
N D
Kullback-Leibler d= Z p; In—
i1 a;
N —qa 2
Chi-Square d= ZM
it P +0;
N

Histogram Intersection Kernel d=) min(p;,q,)
i1
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3.2 VFH filter

The earlier filter in the classifier extracts the VFH descriptor for the ob-
served cluster and compares it with the database. Because this operation
might spend a lot of time, a KNN tree is previously built with the catalog
of objects already added to the database. This advancement achieves faster
execution times.

The aim of this process is to determine which the ten most similar can-
didates are taking into account exclusively VFH descriptors. Those aspir-
ants could have various scales or textures and the same surfaces. Fig. 6
represents a list of the 5 nearest neighbors for a single candidate that it is
also shown (first of the second row).

Candidates are sorted by the metric function distance desired and select-
ed. Notice that distance is zero for the first guess because it is already in
the training database. This will never happen due to systematic errors in
observation and sensors.

27.0761

25.6699

Fig. 6. Result of searching for similar objects in the database. The fourth item is
the query and the VFH distance for this match is 0 because it is included in the
database.

The KNN tree modeled contains, for each leaf, the VFH histogram of a
single view for a specific object. VFH implementation uses 45 binning
subdivisions for each of the three extended FPFH values, plus another 45
binning subdivisions for the distances between each point and the centroid
and 128 binning subdivisions for the viewpoint component.

Upcoming Fig. 7 represents a set of views of the same object and their
individual VFH values making it easy to understand the structure of the
database.
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udl Al

Fig. 7. Representation of several items in 3D and their corresponding View-Point
feature Histogram in red. Histograms look quite similar due to their real look-
alike.
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3.2 Geometry filter

Subsequent filter step of the classifier is focused on geometry absolute ge-
ometric values: height, depth and width for each view. The most valuable
measure is height because both width and depth are weak independent
from view point and rotation angle. This makes sense because the higher
part of the point cloud will always be observed by the camera sensor, and
therefore successfully determine, while depth or width can be mistaken
due to occlusions.

One arising problem when capturing these three values is determining
the absolute position of the object according to the supporting plane global
position. For this reason, it is necessary to extract the plane equation be-
fore computing the point cloud bounding box.

The parametric equation of the supporting plane has been extracted ap-
plying RANSAC over the whole point cloud and considering that only
30% of the points are outliers. Fig. 8 shows the supporting plane segmen-
tation and object clustering and also geometry parameters (height, width
and depth) computed on the projected point cloud.

Fig. 8. Display of a real scenario with noise items in the back. Right image
shows the supporting table segmentation and projected bounding box.
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3.3 Color filter

Last step of the classifier is determining differences in texture between
similar candidates. This last condition makes the complete architecture
able to distinguish between objects with similar surface shapes and identi-
cal geometrical sizes but different colors.

There exist multiple ways of comparing textures among objects. For
this paper, each color histogram R, G and B will be assumed as an inde-
pendent distribution and the distance metric between objects will be cho-
sen from one of the previously mentioned in Table 1. Each color distribu-
tion will be normalized to remove cluster size dependency.

4 Experimental results

A good way for discussing the accuracy of an object recognition algorithm
with similar candidates is creating a confusion matrix that collects all of
them. This kind of studies compares the whole range of classes and ex-
plains the correlation between them, intrinsic similarities and the degree of
segmentation among them.

For this study, several confusion matrices will be shown. The first ex-
periments will cover the dependency of distance matrices when comparing
VFH features and RGB histograms. The last investigations will focus on
the performance of the meta-classifier and its accuracy depending which
single filters are applied.

4.1 Distance metric performance

In this experiment, several distance metrics have been evaluated in order to
measure their performance and select the most suitable function to evalu-
ate the distance between feature histograms. As it has been mentioned in
the previous section, six classic distance functions will be used: Mahattan
distance (L1), Euclidean (L2), Bhattacharyya, Kullback-Leibler diver-
gence, Chi-Square distance and Histogram Intersection Kernel.

Their performance has been measured with a single candidate (tiny-
mug) in different poses and distances relative to the sensor view point with
the aim of making the trials more realistic and the experiment richer.

Table. 2. Recognition rates for different distance metrics.

L1 L2 Bhattacharyya KL X HIK

63% 66% 46% 84% 74% 23%
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The above results have been computed using the following equation

Y 1-Jo, -]

Performance =100 - =——— (%) (5)

P
i-1
where 0, corresponds to each bin of the observed VFH histogram and T,

represents the real and stored value for this view.

Norm L1 and L2 are quite similar for this kind of distributions while
HIK does not fit properly. Results show up that the best achievement is
performed using Kullback-Leibler when contrasting feature histograms.
This distance metric will be used in the following test.

4.2 Confusion matrices

Next experiment is focused on measuring the improvement of the filter as
long as it is activated internally. That is, by means of confusion matrix it is
achievable to compare detection rates for similar candidates and therefore
understand the degree of confusion or precision of the filter as it is applied
each of the previous stages. Three matrices have been therefore computed.
Each one represents a different version of the filter. First version includes
only the VFH filter, next version includes the geometric filter and the last
differentiates among colors and textures.

VFH filter

Table. 3. Confusion matrix for VFH filter. Notice the high degree of confusion
among scaled versions of the same objects.

mug -tiny mug -medium mug-big mug-robot-white mug-robot-red mug-cow teddy

mug-tiny 7 41 3 19 30 0 0
mug-medium 0 29 26 18 27 0 0
mug-big 0 0 84 1 8 5 2
mug-robot-white 0 0 0 26 74 0 0
mug-robot-red 0 0 0 49 51 0 0
mug-cow 0 0 34 0 0 59 7
Teddy 0 0 0 0 0 0 100

The average recognition rate for this filter is 50.85%. Notice that it takes
uniquely in account the 3D surface shape of each object, confusing objects
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with similar surfaces such as mug-robot-white and mug-robot-red, which
are highly mixed up. The same is happening between mug-medium and
mug-big, where the recognition rates are below 35%.

VFEH+ Geometry filter

Table. 4. Confusion matrix for VFH+Geometry filter. Objects with similar ge-
ometry but different textures are still confused

mug -tiny mug -medium mug-big mug-robot-white mug-robot-red mug-cow teddy

mug-tiny 49 29 0 10 12 0 0
mug-medium 0 40 11 11 38 0 0
mug-big 0 0 99 1 0 0 0
mug-robot-white 0 0 0 77 23 0 0
mug-robot-red 0 0 0 30 67 0 0
mug-cow 0 0 1 99 3
teddy 0 0 0 0 100

Second experiment takes into account not only the surface features VFH
but also the global geometry of the object. With this addition, it is expected
to decrease the confusion error between objects with similar shape but dif-
ferent size such as the mug-tiny, mug-medium and mug-big, where confu-
sion has been demonstrated to decrease markedly. Notice that mug-cow
and mug-big are now much better segmented due to their distinction. The
average recognition rate for this test has been raised to 75.85%.

VFH+ Geometry + Color filter

Table. 5. Confusion matrix for VFH+Geometry+Color filter. Confusion matrix
is higher diagonal stating the degree of success for the filter.

mug -tiny mug -medium mug-big mug-robot-white mug-robot-red mug-cow teddy

mug-tiny 84 12 0 4 0 0 0
mug-medium 20 60 0 20 0 0 0
mug-big 3 0 96 0 0 1 0
mug-robot-white 0 0 0 100 0 0 0
mug-robot-red 0 0 0 11 88 0 1
mug-cow 0 0 0 0 100 0
Teddy 0 0 0 0 100
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Last filter compares VFH features, geometric features and color texture
for each object with respect to the observation. In this case, confusion ma-
trix's diagonal is strictly higher and therefore correlation between candi-
dates is well diminished. Mug-robot-red and mug-robot-white, which are
geometrically identical but in different color, are well segmented and rec-
ognized while the rest of the distinctions rates are maintained constant as
expected. The average recognition rate for this last experiment, including
the three filter steps is notoriously higher reaching 89.71%.

5 Conclusions

This paper proposes an improvement of View-Point Feature Histogram
based on geometrical and color texture features for 3D objects. Several
experiments have been performed concluding Kullback-Leibler divergence
as the most suitable selection for VFH comparisons. Furthermore, confu-
sion matrices for the three states of the filter have been studied, correcting
from the initial 50.85% of recognition rate for single VFH features to
89.71% for with confusable 3D objects.
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This paper proposes a novel robotic system that is able to move along the
outside of the oil pipelines used in Electric Submersible Pumps (ESP) and
Progressive Cavity Pumps (PCP) applications. This novel design, called
RETOV, proposes a light weight structure robot that can be equipped with
sensors to measure environmental variables avoiding damage in pumps
and wells. In this paper, the main considerations and methodology of de-
sign and implementation are discussed. Finally, the first experimental re-
sults that show RETOV moving in vertical pipelines are analyzed.

1 Introduction

As a result of the increasing interest on climbing robots around the world,
different types of climbing robots were developed for climbing over flat or
curved surfaces.

Research topics on the pipe climbing robots that can move along the
walls or pipes in many environments, including buildings and large ships
are the most reported in the literature. These kinds of robots stick to the
desired surfaces and move up or down using electromagnets (Eich and
Vogele, 2011, Chung et al. 2011, Yukawa et al. 2006).

Robots for climbing inside pipes or ducts were also developed (Kwon et
al, 2011, Xu et al, 2011, Choi et al, 2010) and the mobility of pipeline
wheeled robots are also studied in (Park et al, 2009 & 2011, Lee et al,
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2010).

In the petroleum industry there are some robotics devices to take
measures of process variables inside of pipeline called Pipeline Inspection
Gauges (PIG). These kinds of robots travel inside the pipe through the flu-
id (Hu and Appleton, 2005).

One of the most important equipment used in the oil extraction are the
pumps. Submersible pumps are divided into two types:

e Surface pumps (PCP) where the motor is in the surface and the
pump is inside the well (Fig.1a), and;

e Electro-submersible pumps (ESP) where the motor and pump are
inside the well (Fig.1b).

These technologies have two critical issues, the first is the extreme con-
dition under this equipment operates (high temperatures, high pressure,
acid attack, etc.) and the second is the delicate balance that exists between
the productions levels and the integrity of the well (extract more oil than
the well can produce, could result in damages).

From Fig.1, it can be seen that a typical oil installation has a deep well
made with reinforced concrete, usually called casing, and a straight pipe-
line is inside of it. Due to the length of the internal tube, some connectors
must be used to link the pieces of pipelines.

Electric motor — Power supply

Tubing =

Casing

Couplings —; +— Couplings

(a) (b)
Fig. 1. (a)Progressive cavity pump (PCP); (b) Electrical submersible pump (ESP)

It is important to remark that inside of well, the environmental condi-
tions lead to reduce useful life of the instruments and equipment (around
three months). However, if internals well variables like pressure, tempera-
ture, flow of oil or oil level are not known, the maintenance tasks cannot
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be performing in a good way. Furthermore, the maintenance tasks in ESP
and PCP systems can be made more frequently to keep them in good con-
ditions. Therefore the maintenance tasks are expensive, tedious and dan-
gerous.

This paper presents a novel design of a sliding robot to perform inspec-
tion and maintenance tasks in any kind of straight pipelines. Particularly,
this development is carried out like an optimal solution to measurement
problems and maintenance tasks in the oil industry.

Fig.2 shows a photograph of the first developed prototype. Because of
the novel mechanical design, this robot can move between the casing and
the oil tube. One of the most powerful advantages of this closed structure
is its light weight and also its capacity to adapt around any pipeline diame-
ters because of its modular components.

Moreover, the RETOV robot can navigate along the tube with three
types of different movements: circular, straight and spiral. Using suitable
combinations of them, the robot can avoid obstacles, like edges of welded
joints, using a suspension mechanism located in each wheel, or change the
direction of movement through its wheels.

The mechanical structure was also designed to hold the most important
sensors needed for a good maintenance of the oil installations.

This article is organized as follow. Section 2 describes the most im-
portant aspects taken into account in the mechanical design of the robot.
Also the hardware used in the first developed prototype is presented. Sec-
tion 3 shows a kinematics model under screw theory and some simulations
results that allows validating the model. Experimental results are detailed
in Section 4 and; finally, conclusions and futures advances are presented.

Fig. 2. Functional prototype of RETOV
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2 Development of the first prototype

2.1 Design considerations

There are many restrictions to be taken into account in the mechanical de-
sign of this robot. Undoubtedly, the distance between tubing and casing
(Fig.1) is the meaningful. In (Urdaneta et al, 2012) a complete analysis
about all design considerations must be found. Table 1 summarizes the
most common distances between the oil pipeline (tubing) and the walls of
the well (casing). This space is irregular and the robot must move in-
between. Therefore, the developed robot must be designed to change the
movement direction toward the maximum free space.

Table 1. Annular distance between tubing and casing*

O TUBING [mm] O CASING [mm] ANNULAR [mm]
88.9 (3-1/2") 139.7 (5-1/2") 254
88.9 (3-1/2") 177.8 (7") 44.5
114.3 (4-1/2") 244.5 (9-5/8") 65.1
139.7 (5-1/2") 244.5 (9-5/8") 52.4

*Data provided by BCP Venezuela C.A.

Based on Table 1, the minimum space between tubing and casing can
be determined in 25.4 mm. Therefore, no collision between robot and tub-
ing-casing shapes is warranted when the maximum robot diameter is equal
or less than 244.5 mm. This value represents a diameter of a virtual cylin-
der below which no mechanical interference occurs between the robot and
the casing.

2.2 Mechanical Hardware

The RETOV prototype is made by two articulated rings that fix three drive
wheel systems uniformly distributed along the circumference of the tubing
(120° spaced, in order to have optimal force conditions).

Each drive wheel system is charged to orientate and rotate a polypropyl-
ene wheel by actuating the servo and micro motors respectively. Also a
suspension formed by four compression-springs was installed in this drive
system to allow obstacles avoidance like weld beads or pipe couplings.

Fig.3 shows a 3D mechanical model of this novel prototype realized in
Autodesk Inventor Pro® 2012.



AUTONOMOUS ROBOT FOR NAVIGATION AND INSPECTION IN
OIL WELLS 97

Micro-motor

Suspension /Encoder

|
Fig. 3. 3D mechanical model of RETOV (top view)

This prototype is able to change its movement direction describing
three different types of motion. Pure rotational and translational motion
can be obtained independently when all three drive wheel systems are hor-
izontally and vertically oriented respectively (servomotor at 0° and 90° re-
spectively). Pitch variable helical movements are also possible when the
same acute orientation angle is defined for all the three wheel systems.

RETOV parts were made by a Dimension Elite® 3D printer in ABS
plastic. The parts of this robot are lightweight by construction but rigid by
design. To accomplish the design considerations, the robot ring diameters
were fixed in 220 mm and the length between two rings in 134 mm. RE-
TOV prototype was designed to freely move over the pipe and to avoid
pipeline obstacles with a height less than 8mm. The height of obstacles
which the robot can handle depends on the size of the diameter of wheels
used in this robot. The maximum robot diameter is, in this prototype, equal
to 240 mm. This value represents a diameter of a virtual cylinder below
which no mechanical interference occurs between the robot and the casing.
The robot dimensions mentioned above allow it to inspect an ¥114.3 mm
tubing and ¥244.5mm casing pipeline.

Table 2. Physical characteristics

Weight 1 kg
Load Capacity 0.5kg
Maximum Size 110 x 135 mm (cylindrical r x h)
Materials ABS plastic (first prototype)

Based on Table 2, some of the most important characteristics of the sys-
tem are a total weight of 1 kg and a maximum payload capacity of 0.5 kg.
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Materials used in the parts of the robot depends on the application, for the
first RETOV prototype ABS plastic was used for its lightweight and con-
struction facility. Some aluminum alloys could be used for hard environ-
ments.

This mechanical architecture allows a set of different kinds of sensors
and its electronics if it is necessary. The ABS plastic rings are fabricated
with a circular hole-pattern to allow the modular assembly of its compo-
nents.

2.3 Control and inspection hardware

Control hardware manages the information concerning the status of the
robot. The rotation and orientation of each wheel are actuated by micro-
motors and servomotors respectively. Micro-motors are driven by a shield
card (Ardurobotronica) which is commanded by an Arduino UNO® that
controls its H-bridges. Servomotors receive a PWM signal directly from
Arduino UNO®. Both cards are connected to a User-PC via USB port.

Three permanent-magnet electric micro-motors (Pololu®) with high
torque planetary gearboxes (298:1), which generate a torque of 6.5 kg/cm
at 6V and speed of 100 rpm were used to move the attached polypropylene
wheels with high traction used on radio control cars. The motors have a
quadrature encoder which are connected to the motor controller and can be
used for position or velocity feedback.

Three Hitec® HS-645MG servomotors drive the orientation of the RE-
TOV wheels. This motor can switch motion with three possibilities: 0° for
rotation around the tubing, 90° for translational displacement, and pitch
variable helical displacement of the robot when the angle varies between
0° and 90° degrees.

Robot position along the vertical axis (Z-displacement) is measured by a
Parallax® PING sonar. The robot orientation angle (O-orientation) is
measured by a quadrature encoder coupling in the micro-motor shaft. An
Inertial Measurement Unit (IMU) was installed to verify the real orienta-
tion in a case of wheel slipping. The connectivity of all these components
is showed in Fig.4.

The inspection hardware acquires information related to the environ-
mental conditions inside the oil well. Different types of variables as tem-
perature, humidity, pressure and others can be sampled by sensors mount-
ed on the structure of RETOV. According to this statement, a cordless dig-
ital camera was installed on the robot to show the conditions of the tubing
surface in the user interface.
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User Arduino
Interface UNO

Fig. 4. Control and sensing architecture

A real deployed view of the robot is shown in Fig.5 with the mechanical
structure equipped with all the embedded sensors installed on RETOV for
this work.

From Fig.5, it can be observed that the robot is completely modular; that
is a new segment can be easily added and then the structure can slide by
pipelines with higher diameters.

Fig. 5. Deployed view of modular RETOV
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3 Kinematics model

The basic movements of the robot are rotation and translation along the
same axis. These movements can be described perfectly by the screw theo-
ry, initially developed by Sir Robert S. Ball.

The kinematics model assumes constant angular velocity in the three
wheels at all time. It also assumes that there is no wheel slip with respect
to the tubing. It is possible to anticipate the approximate trajectory of the
robot along the pipe by using the kinematics model. Therefore, wheel
revolutions can be estimated base on the final location of the robot.

A screw can be defined with eight parameters which are a unit vector, a
position vector, a rotated angle and a displacement along the axis. Below
are the equations that describe the motion of the robot:

s=[s.s,8,] (M

So = [Sox’ Soy’ Soz] (2)
d

0= Rtang @)

Where:
s: unit vector along the direction of the screw axis.
So: position vector of a point on the screw axis.
0: rotation angle about the pipe.
d: translational distance along the pipe.
¢: wheel angle.
R: radius of the pipe.

Using the formula of Rodrigues (Tsai, 1999) for a spatial displacement
of a rigid body, a homogeneous transformation can be obtained as:

"p=A’p )

Where:
A A
P . a vector with the calculated location.

A is a 4x4 transformation matrix.
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B A
P a vector with the desired position.

To obtain the inclination that the robot must perform about the pipe, the
follow equation is calculated:

d s
=arctan| — O<p<= 5
® (lﬂ?j ) > &)

Replacing the screw parameters in (4), the transformation matrix results
in:

cosd -sin@ 0 O
sin@ cos¢d 0 O

= (6)
0 0 1 d
0 0 0 1

3.1 Kinematics model validation by simulation

A MATLAB® program has been performed to implement the kinematics
model. Then for a given Z-displacement and the number of turns around
the tubing, it calculates the wheel orientation angle to develop the desired
maneuver.

200,

N 100,

100

-100 -100 -100 -100

Fig. 6. Kinematics model validation results from different types of movements
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Fig.6 (left) shows two basic movements that this prototype can execute
independently (pure rotation and translation). Fig.6 (right) shows a pitch-
variable helical movement by combining rotation and translation move-
ments. Avoiding obstacles is possible combining these kinds of move-
ments. Fig.7 shows a 3D model graph for better understanding of one par-
ticular wheel displacement.
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Fig. 7. Left: rotation and translation movements. Right: helical movement

4 Experimental results

4.1 User interface

To perform experimental tests, a Graphical User Interface (GUI) was de-
veloped. This application has been done under LabView® 2010.

The aim of the GUI is to get the information given by measurement sys-
tem and to process it.

The GUI structure consists in five main parts, which are a 3D View, a
Cam View, Environment graph, Control elements and Indicator elements.
Fig.8 shows a screenshot of the GUI and its components are described be-
low.

3D View permits to observe the route before launching the robot into
the pipe and also allows visualizing the instantaneous estimated location in
the pipe. CamView shows at each moment images from the environment



AUTONOMOUS ROBOT FOR NAVIGATION AND INSPECTION IN
OIL WELLS 103

through a cordless camera what is happening inside the well. Environment
graph shows a selected variable like temperature, pressure or humidity.
Control elements are buttons and sliding bars that provide interaction be-
tween operator and robot, permitting to select the type of movement (trans-
lation, rotation, helical) change speed, angle of orientation, moving direc-
tion of RETOV and start-stop execution. Finally, Indicator elements allow
the operator to know about the status of the robot.

File Edit View Project Operate JTools Window Help
@ 1] [36pt Application Font |~ | (3o~ | [Fa~] [~
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<
Fig. 8. Screenshot from the GUI application

4.2 Motion test

Some tests were made in a two-and-a-half-meters-high oil pipe installed at
the research center. The tests show the capabilities of RETOV to develop
two basic types of movement stated before and also demonstrate that the
combination of these basic motions can generate a helical movement.

The following conditions were assumed: constant velocity for all the
three wheels, maximum Z-displacement and ©O-orientation were estab-
lished in a meter and 360° respectively.

Three phases of navigation were performed. In the first phase, the robot
described a pure rotation of 360° around the tubing. The second phase con-
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sisted in a pure counter-gravity translation of a meter. Finally a combined
motion was described by doing a complete counter clockwise revolution
and descending a meter at the same time. The data of three-logged tests at
the three phases of motion are showed in Fig.9.

Theoretical odometry values were calculated for the three phases of
movements by using the robot kinematics shown in Section 3 and pro-
grammed in MATLAB®. Practical odometry values were registered for
each test in order to compare them with the theoretical ones. This infor-
mation is listed in the Table 3 and the best result of the three tests is com-
pared with theoretical calculations.

Rotational (R) - Translational (T) - Helical (H) Movements

T 800 i E
§; 400 ! / E &\\\\
N 200 i i
R | i
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Fig. 9. Z-displacement and ©-orientation of RETOV during three types of mo-
tion along the tubing

Table 3. Odometry results

Odometry Type of Movement
Rotation Translation Helical
Theorethical 3.32rev 7.58 rev 8.28 rev
(360.0%) (1.0 m) (360.0° in 1.0 m)
Experimental 3.30 rev 8.30 rev 7.10 rev

(357.4°) (1.1 m) (328.9°in 0.9 m)
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Clockwise rotational movement is well tracked by the robot because
rolling resistance is favorable in this situation. Counter-gravity translation-
al movement shows a slight difference between theoretical and practical
odometry values due to the reduction in the rolling resistance produces
some slipping in the robot wheels. Helical descending movement presents
a combination of rotational and translational wheel slipping characteristics.

The drive wheel suspension system pressed the polypropylene wheel
over the tubing during the movements developed on this experiment. This
pressure generated a frictional force that avoided wheel slipping. At the
same time, wheel suspension adapted to unknown coaxiality of the pipe
along the followed path. A snapshot sequence of a rotational movement
shows the robot performance in Fig.10.

Fig. 10. Snapshot sequence of RETOV during a rotational movement

5 Conclusions

This paper presented the first developed prototype of RETOV. This robot
is a patented novel design (Garcia, et al, 2012) for performing inspection
and maintenance tasks in any kind of straight pipe. However this prototype
is an optimal solution for service tasks in oil industry.

Because the robot can navigate between two pipes, inspection and
maintenance tasks can be performed in both interior and exterior tubes.
Then, just one robot can repair or inspect both tubes at the same time.

The mechanical structure allows getting all the measurement system on-
board then the most critical variables in an oil well can be observed in real
time. Furthermore, the mechanical design is completely modular, that is
the diameter of the robot can be increased by adding new modules, then
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pipelines with different dimensions can be inspected by this robot.

The robot can slide on the tube because a drive wheel system that allows
to perform three different types of movements. A suitable combination of
them turns the robotic structure good for avoiding obstacles or reaching
some objective point very fast.

The kinematics model was developed and validated by simulation first
and then confirmed by experimental results.

Finally, the designed climbing robot can move, carry and measure the
environment variables in the well. The potential applications of this robot
are the inspection, exploration, and maintenance of the oil pipeline. Future
work will primarily focused in design a robot capable of moving along
horizontal, vertical and curved piping and avoiding various kinds of obsta-
cles.
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La eliminaciéon de minas antipersona es un problema de dimension inter-
nacional que requiere del empleo de nuevas tecnologias tales como el
desarrollo de sensores avanzados y el empleo eficiente de robots moviles.
Organizaciones tales como el International Advanced Robotics Program-
me (IARP) han constituido grupos de trabajo (Working Group HUDEM)
focalizados en el complejo problema del desminado humanitario. En este
trabajo se presenta una breve revision de diversas contribuciones y de in-
vestigaciones previas encaminadas a la solucion de este problema que han
sido propuestas por Grupo de Trabajo HUDEM de IARP. El trabajo recoge
y analiza una amplia seleccion bibliografica de trabajos de interés en este
campo de desminado humanitario.

1 Introduccién

El International Advanced Robotics Programme (IARP) es un proyecto
internacional cuyo origen se remonta al Versailles Economic Summit de
1982. Todos los paises miembros de IARP han acordado el siguiente ob-
jetivo general: “...to foster international cooperation aiming to develop
robot systems able to dispense with human exposure to difficult activities
in harsh, demanding or dangerous conditions or environments”. El pro-
grama IARP ha constituido un Grupo de Trabajo en desminado humani-
tario (Working Group HUDEM) en el afio 2000 focalizado en este im-
portante problema con la siguiente finalidad: “A/l members of the WG
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Hudem have agreed to foster international cooperation aiming to develop
performing techniques and robotics systems speeding up the demining of
infested countries.” A partir de un Workshop de IARP que tuvo lugar en
Toulouse (Francia), una reunién en la que se dio a varios cientificos la
oportunidad de presentar sus trabajos en el dominio de los robots moéviles
de exteriores, se siguid una propuesta formal al Dr. Tom Martin (Alema-
nia) para la constitucion del grupo de trabajo HUDEM, quien organiz6 un
primer workshop en Zimbabwe. Estos workshops iniciales fueron seguidos
sistematicamente por los siguientes workshops internacionales de IARP
HUDEM (2002, Vienna; 2003 Pristina; 2004 Brussels; 2005 Tokyo; 2006,
Cairo; 2007, Sousse; y desde 2009 hasta la actualidad en Sibenik, Croa-
cia). El Prof. Yvan Baudoin, de la Royal Military Academy (Bélgica) ha
sido el Chairman del IARP Working Group HUDEM desde 2002.

La deteccion y eliminacion del terreno de minas antipersona es, actual-
mente, un problema grave con una dimension politica, social y econémica
notable. Hay un claro interés en la comunidad cientifica internacional por
resolver este problema, lo que se aborda desde diferentes perspectivas y
con diferentes metodologias. La deteccion y eliminacion de terrenos infes-
tados de minas antipersona de estos artefactos es reconocido como un pro-
blema a nivel mundial (Baudoin et al., 1999). Minas antipersona (AP),
explosivos remanentes de guerra (ERW), y explosivos improvisados (IED)
son un legado de situaciones de conflicto. Estos dispositivos pueden per-
manecer activos durante décadas, no son consecuentes con las negociacio-
nes o de los tratados de paz, y no distinguen entre personal militar o civil.

Existen todavia minas AP y explosivos no explotados (UXO) de la Se-
gunda Guerra Mundial en la mayor parte de los paises de Europa y del nor-
te de Africa (E1-Qady et al., 2005). En 2010, se han contabilizado un total
de 4191 nuevas victimas de minas, un 5% mas que en 2009, y un total de
27 estados asi como siete areas en conflicto han sido confirmados o como
sospechosos de estar afectados por minas (Landmine Monitor Report,
2011). La mejor solucion a este problema, aunque quizas no la mas rapida,
podria ser aplicar sistemas completamente automaticos. Sin embargo, e
independientemente de los ultimos avances en la materia, esta solucion
parece estar lejos de ser posible.

Se requieren, en primer lugar, sensores mas eficientes, detectores y sis-
temas de posicionamiento, para detectar, localizar, y si es posible, identifi-
car las minas. En segundo lugar, el desarrollo de vehiculos apropiados es
de la mayor relevancia para llevar a bordo dichos sensores y desplazarlos
sobre los campos infestados y, de esta manera, alejar al operador humano
del riesgo directo. Dado que los sistemas completamente automaticos para
esta aplicacion de desminado humanitario son muy complejos y dificiles
de conseguir, una solucién intermedia puede ser el empleo de teleopera-
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cion y de colaboracion persona-robot en el lazo de control.

Cualquier tipo de vehiculo puede, en principio, llevar a cabo sensores
sobre un area infestada de minas: vehiculos con ruedas, con orugas e inclu-
so vehiculos con patas, pueden llevar a cabo tareas de desminado con efi-
ciencia y seguridad. Los robots con ruedas son los mas sencillos y de me-
nor coste; los robots con orugas presentan una excelente capacidad de des-
plazamiento sobre casi cualquier tipo de terreno; los robots con patas exhi-
ben asimismo un muy interesante potencial para esta actividad.

Este trabajo presenta una breve revision de diversas contribuciones es-
pecificamente seleccionadas y de investigaciones previas relacionadas con
el empleo de robots moviles para desminado humanitario encaminadas a la
solucion de este problema que han sido propuestas por IARP (Baudoin et
al., 2011; Gonzalez de Santos et al., 2004; Marques et al., 2002). Para ello,
el trabajo recoge y sintetiza la informacion de anteriores workshops de
IARP.

2 Robots mdéviles para desminado humanitario

Varios workshops de IARP (Marques ef al., 2012) han mostrado cémo el
empleo de la robotica puede mejorar de forma notable la eficiencia y la
seguridad en operaciones de desminado humanitario, y coémo los sistemas
roboticos de diversos tipos pueden suponer una herramienta de trabajo
muy prometedora en esta direccion.

Hay tres clases principales de robots moviles investigados por la comu-
nidad cientifica internacional para HUDEM: con ruedas, con orugas y con
patas (también hay algunos trabajos con traccion hibrida ruedas-patas (Cal-
tabiano et al., 2004; Bostater et al., 2004; Amati et al., 2004)). La idea de
emplear robots con patas para desminado humanitario se ha desarrollado,
al menos, en los ultimos 15 afios, y se conocen diversos prototipos que han
sido probados experimentalmente. TITAN VIII (Hirose et al., 1998),
AMRU-2 (Baudoin et al., 1999a) y RIMHO2 (Gonzalez de Santos ef al.,
1995) son algunos de los ejemplos de plataformas de prueba para desmi-
nado humanitario que emplean robots caminantes. El robot COMET-1 ha
sido quizas el primer robot con patas que se ha desarrollado especifica-
mente para tareas de desminado (Nonami et al., 2000). Estos cuatro robots
se basan en configuraciones de patas tipo insecto, pero se han desarrollado
otras configuraciones diferentes de robots caminantes para desminado,
tales como sistemas deslizantes (Habumuremyi et al., 1998), (Marques et
al., 2002a). El robot SILO6 del proyecto DYLEMA (Gonzalez de Santos
et al., 2007; Gonzalez de Santos et al., 2002) ha sido disefiado especifica-
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mente para desminado humanitario y ha sido probado con excelentes resul-
tados. La siguiente figura (Fig. 1), en forma de tabla, recoge algunos de los
sistemas de robots moviles mas relevantes en relacion con la tarea de des-
minado humanitario.

Fig. 1. (a) TRIDEM, (b) Hunter, (c) AMRU4 y (d) AMRUS, (¢€)ROBUDEM
y (f) TEODOR/MAV. Department of Applied Mechanics. Royal Military
Academy.30 Renaissance Av. 1000 Brussels, Belgium; Department of Elec-
tronics and Information Processing VUB-ETRO-IRIS, Vrije Universiteit
Brussel, Pleinlaan 2, B-1050 Brussels; Service des Systémes Logiques et
Numériques, Université Libre de Bruxelles 50, Av. F. Roosevelt, B-1050
Bruxelles.

La necesidad de emplear robots caminantes en ciertas situaciones de
desminado humanitario donde los sistemas con ruedas o con orugas no
pueden operar de forma adecuada o presentan bajo rendimiento, ha sido
investigada por la Royal Military Academy (RMA) y por la Universidad
Libre de Bruselas. Se muestran en la Fig. 1 los prototipos de robots con
patas desarrollados para llevar a bordo sensores de deteccion con la finali-
dad de probarlos en campos minados. Se muestran en dicha figura los ro-
bots TRIDEM, AMRU4 y AMRUS. Robots con orugas como el HUN-
TER y con ruedas como ROBUDEM también realizados por la RMA
(Baudoin et al., 2011; Baudoin et al., 1999; Habumuremyi, 1998; Habu-
muremyi, 1998a; Habumuremyi et al., 2002; Baudoin, et al., 2003; Ha-
bumuremyi et al., 2004; Baudoin, et al., 2005; Marques et al., 2012).
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Fig. 2. COMET II, COMET III (Dept. of Electronics and Mechanical Engi-
neering, Chiba University, Japan) y ROBHAZ-DT (Advanced Robotics Re-
search Center, KIST & Department of Mechanical Engineering, KAIST, Ko-
rea).

La Fig. 2 muestra una vista del robot hexapodo COMET II (actuado
eléctricamente) y la version final del sistema completamente autonomo
COMET III (actuado hidraulicamente), para la deteccion de minas antiper-
sona, que son los dos sistemas de robots caminantes investigados por la
Universidad de Chiba (Nonami, 2002). A la derecha de la Fig. 2 se mues-
tra ROBHAZ-DT, un robot mévil con doble sistema de orugas (Munsang
et al., 2002).

v

Fig. 3.- Concepto de locomocion para HUDEM (Vienna University of Tech-
nology Division Intelligent Handling and Robotics, Viena, Austria); y sis-
tema para ensayar diversos detectores basados en GPR, MD, y el sistema
dual ALIS (Tohoku University, Sendai 980-8576, Japon).

La Fig. 3 presenta un concepto de locomocion para HUDEM (Kopacek
y Silberbauer, 2008) realizado por la Universidad Tecnologica de Viena, y
el Mine Hunter Vehicle, empleado para la evaluacion de GPR (array-
antenna GPR-SAR) y para la evaluacion de diversos tipos de detectores de
minas: Metal Detector y el sistema dual ALIS (GPR+MD) realizados por
la Universidad de Tohoku (Sato et al., 2005; Sato et al., 2005a).
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Fig. 4.- RIMHO 2 y SILO 6 (proyecto DYLEMA). Detalle del disefio del
manipulador embarcado (Cento de Automatica y Robodtica CAR (CSIC-
UPM). Ctra. Campo Real, Km. 0,200- La Poveda. 28500 Arganda del Rey,
Madrid, Spain).

El Centro de Automatica y Robdética (CSIC-UPM) ha llevado a cabo di-
versas investigaciones relacionadas con el desminado humanitario. La Fig.
4 muestra el robot cuadrapedo RIMHO 2 y el robot hexédpodo SILO 6, un
sistema totalmente autonomo equipado con un brazo de cinco grados de
libertad para el barrido de areas infestadas y dotado de sensores diversos
(entre ellos un detector de minas). El proyecto DYLEMA (MICINN) ha
tenido como finalidad el desarrollo de robots caminantes que integren las
tecnologias relevantes en locomocion, manipulacion y sensores para des-
minado humanitario (Gonzalez de Santos et al., 2004; Gonzalez de Santos
y Jimenez, 1995; Galvez et al., 2000; Cobano et al., 2008; Gonzalez de
Santos et al., 2007; Sanz et al., 2012; Gonzalez de Santos et al., 2002;
Armada et al., 2005; Marques et al., 2012).

Volcan(X,,Y,,Z.

Robovolc
““Focalization

Camera Parameters
Correction

Fig. 5. () WHEELEG y (b) ROBOVOLC (DIEES Universita degli Studi di
Catania, viale A. Doria 6, 95125 Catania, Italy).
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La Fig. 5 muestra los robots WHEELEG, un robot movil hibrido que
usa ruedas y patas para la locomocion, y el robot ROBOVOLC durante la
realizacion de pruebas en el crater del volcan Etna. A la derecha se mues-
tra la cooperacion de robots terrestres y aéreos (UAV VOLCAN). La
cooperacion entre robots heterogéneos para intervenciones en medios hos-
tiles ha sido particularmente investigada por la Universidad de Catania
(Caltabiano ef al., 2004; Bruno et al., 2012).

= =

Fig. 6. (a) Semi-Autonomous Vehicle for Mine Neutralisation , (b) Humani-
tarian Demining Robot Gryphon, (c) Advanced Mine Sweeper, (d) Tele-
operated Buggy Vehicle and Weight Balanced Arm (Systems Sciences La-
boratory and Land Operations Division. Systems. DoD, Australia; Depart-
ment of Mechanical and Aerospace Engineering, Tokyo Institute of Tech-
nology, 2-12-1 Ookayama, Meguro-ku, 152-8550 Tokyo, Japan; Dept. of
Micro-Nano Systems Engineering, Nagoya University; Dept. of Intelligent
Interaction Technologies, University of Tsukuba; Dept. of Bioengineering
and Robotics, Tohoku University; National Institute of Advanced Industrial
Science and Technology (AIST); Mitsui Engineering & Shipbuilding CO.,
LTD; Tokyo Institute of Technology, 2-12-1 Ookayama, Meguro-ku, Tokyo
152-8552, JAPAN)

La Fig. 6 muestra los robots Semi-Autonomous Vehicle for Mine Neu-
tralisation (Ide et al., 2004), Humanitarian Demining Robot Gryphon-An
Objective Evaluation (Cepolina y Snobar, 2008), Environment-Adaptive
Antipersonnel Mine Detection System-Advanced Mine Sweeper (Fukuda et
al., 2005), y Teleoperated Buggy Vehicle y Weight Balanced Arm for
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Mechanization of Mine Detection and Clearance Tasks (Fukushima et al.,
2005). Estos robots (entre otros) han sido el resultado de las investigacio-
nes financiadas por el Gobierno de Japon en esta area de desminado hu-
manitario.

Fig. 7. (a) Demining Robot y (b) Autonomous demining ISR-TT (Institute of
Systems and Robotics, University of Coimbra, Polo II, 3030-290 Coimbra,
Portugal)

La Fig. 7 muestra los resultados de algunas de las investigaciones en
desminado humanitario con diversas plataformas en el ISR (Instituto de
Sistemas Robdticos) de la Universidad de Coimbra (Marques et al., 2002;
Marques et al., 2002a; Larionova et al., 2011; Larionova et al., 2004;
Marques et al., 2012).

N

Fig. 8.- Pruebas de evaluacion del empleo de GPR sobre vehiculo roboticos
(Japan Science and Technology Agency, Shibuya-Property-Tokyu Bldg.,
10F, 1-32-12 Higashi, Shibuya-ku, Tokyo 150-0011, JAPAN; Tokyo Denki
University, Ishizaka, Hatoyama-machi, Hiki-gun, Saitama 350-0394, Japan;
University, 1-33 Yayoi-cho, Inage-ku, Chiba 263-8522, Japan; Fuji Heavy
Industries Ltd. , 1-1-11 Yonan, Utsunomiya, Tochigi, 320-8564, Japan)
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La Fig. 8 muestra las pruebas llevadas a cabo para evaluar los sistemas
GPR para la deteccion de minas antipersona (AMS) (Ishikawa et al.,
2005), y el robot Mine Hunter (Nonami et al., 2000; Nonami y Aoyama,
2005).

Fig. 9.- Pruebas de evaluacion de sistemas de teleoperacion y de simulacion
(Industrial Research Institute for Automation and Measurements PIAP,
Warsaw, Poland; Institute of Mathematical Machines, Warsaw, Poland; In-
stitute of Automation and Robotics, Warsaw, Poland.)

La Fig. 9 muestra el robot INSPECTOR empleado en tareas en entornos
hostiles y deteccion de explosivos. La importancia de los sistemas de si-
mulacioén y de entrenamiento se investigan de forma amplia en el Institute
of Mathematical Machine y en el Institute of Automation and Robotics
(Varsovia) (Bedkowski y Maslowski, 2008; Bedkowski et al., 2008;
Bedkowski et al., 2012; Bedkowski y Maslowski, 2011).

Fig. 10.- LOCOSTRA, pruebas en Jordania.

La Fig. 10 muestra las pruebas de evaluacion de LOCOSTRA, sistemas
para desminado humanitario que se basan en el empleo de tractores para
agricultura. Estos sistemas son investigados por la Universidad de Génova,
PIERRE y SNAIL AID (Cepolina y Snobar, 2008; Cepolina et al., 2011).
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3 Conclusion

El desarrollo de robots moviles para desminado humanitario ha sido sujeto
de una gran atencion por el Grupo HUDEM de IARP en los ultimos 10
afnos. En este articulo se ha presentado un resumen de los principales resul-
tados obtenidos en este campo, referidos exclusivamente al caso de los
robots moviles. Es de esperar que esta revision sea 1util para una mejor
comprension de los desarrollos mas recientes en esta aplicacion tan com-
pleja. De la literatura revisada se desprende que la configuracion de robots
moviles mas utilizada es la que emplea ruedas para su desplazamiento
(Marques et al., 2002a; Larionova et al., 2011; Caltabiano et al., 2004;
Larionova et al., 2004; Sato et al., 2005; Fukuda et al., 2005; Fukushima et
al., 2005; Kopacek y Silberbauer, 2008; Freese et al., 2008; Bedkowski y
Maslowski, 2008; Bedkowski et al., 2008; Bedkowski et al., 2012; Bruno
et al., 2012; Bedkowski y Maslowski, 2011; Cepolina et al., 2011; Sato et
al. 2005). La configuracion de robots caminantes (Baudoin et al., 2011;
Gonzalez de Santos et al., 2004; Marques et al., 2002; Baudoin et al.,
1999a; Gonzalez de Santos y Jiménez, 1995; Nonami ef al., 2000; Galvez
et al., 2000; Cobano et al., 2008; Gonzalez de Santos et al., 2007; Sanz et
al., 2012; Nonami, 2002; Gonzalez de Santos ef al., 2002; Armada et al.,
2005) ha sido investigada como segunda opcion, quizas a causa de la ver-
satilidad y de las propiedades especificas de este tipo de robots. Sorpren-
dentemente, los desarrollos basados en el empleo de vehiculos con orugas
han sido los menos empleados (Nonami et al., 2000; Munsang et al., 2002;
Nonami y Aoyama, 2005).
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CAPITULO 9

GENERACION DE COMPORTAMIENTO
AUTONOMO PARA UN ROBOT DE INSPECCION
DE CULTIVOS

J. M. BENGOCHEA-GUEVARA y A. RIBEIRO

Centro de Automatica y Robotica (CSIC-UPM) jose.bengochea@csic.es,
angela.ribeiro@csic.es

Este articulo presenta un robot cuyo objetivo es realizar la inspeccion de
un campo navegando de forma autéonoma. La estrategia propuesta para ge-
nerar los distintos comportamientos o conductas del robot se basa en una
red de nodos de diferente funcionalidad: nodos perceptivos, nodos cogniti-
vos y nodos actuadores. Las distintas conductas se forman mediante la in-
terconexion de estos nodos, siendo su nimero variable en funcion de la
mayor o menor complejidad del comportamiento. Las conductas generadas
pueden ser innatas o aprendidas mediante condicionamiento instrumental,
creandose comportamientos mas complejos. La conducta del robot que
emerge en cada momento de entre su catdlogo de comportamientos depen-
de de las metas y necesidades que el robot deba satisfacer en cada instante
de tiempo. De esta forma el robot genera un comportamiento autdbnomo
que le permite inspeccionar el campo sin intervencion humana.

1 Introduccién

Tradicionalmente, las practicas de cultivo se han orientado hacia una ges-
tion uniforme del campo, ignorando la variabilidad tanto espacial como
temporal que aparece en el mismo. Esto presenta fundamentalmente dos
tipos de inconvenientes: a) contaminacion de la atmosfera y del suelo, con
la consecuente contaminacion de las aguas subterraneas y b) un notable
aumento en el coste econdémico de la produccion agricola.

Ademas en los proximos 25 afios sera necesario doblar la produccion
agricola disponiendo cada vez de menos suelo y agua lo que conduce a una
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situacion en la que es crucial la generacion de tecnologia que permitan mi-
nimizar los costes de produccion a la vez que se realiza una gestion respe-
tuosa con el medio ambiente.

En los ultimos afios, gracias al desarrollo de tecnologias como los Sis-
temas de Posicionamiento Global por satélite (GPS), sensores de cosecha,
sensores de humedad o de fertilidad del suelo, sensores multiespectrales,
sistemas de teledeteccion, Sistemas de Informacion Geografica (SIG/GIS)
y Sistemas de Soporte a la Decision (SSD), ha surgido el concepto de
Agricultura de Precision (AP) que propone una gestion del cultivo basada
en la existencia de variabilidad en el mismo.

Dentro de la AP tienen especial importancia las técnicas orientadas a la
aplicacion selectiva de tratamientos, que en contraposicion a los métodos
agricolas tradicionales, proponen aplicar herbicida sélo en aquellas zonas
del cultivo infestadas, variando ademas la cantidad de tratamiento aplicado
segun la densidad y tipo de malas hierbas.

Para llevar a cabo una aplicacion selectiva de tratamientos, el primer pa-
so es la recogida de informacién en el campo que permita conocer la dis-
tribucion de las malas hierbas y la variabilidad espacial de cada especie
(Percepcion), necesarias para calcular las necesidades, en términos de her-
bicida, de cada unidad de terreno (Senay, 1998). Una vez recogida dicha
informacion el siguiente paso es tratar la misma para determinar la mejor
actuacion (Toma de Decision) y finalmente el ultimo paso es la realizacion
de la aplicacion selectiva de tratamiento (Actuacion).

La etapa de Percepcion no es necesaria en un tratamiento convencional
en el que todo el campo se trata de forma uniforme con la misma dosis de
herbicida. Por tanto es esencial automatizar esta etapa al maximo y lograr
que sea lo mas barata posible si se quiere llegar a implantar de forma efec-
tiva un esquema de Agricultura de Precision. Entre los distintos medios
que se pueden idear para recoger informacion del campo se encuentran los
vehiculos auténomos con elementos de sensorizacion embarcados y di-
mensiones reducidas para disminuir el impacto sobre el cultivo y la com-
pactacion del terreno.

Este articulo presenta un robot cuyo objetivo es realizar la inspeccion de
un campo navegando de forma auténoma. Basandose en ideas tomadas de
la etologia y de la psicologia cognitiva, se propone una red de nodos de
diferente funcionalidad que guiados por la metas y necesidades del robot,
generen en conjunto un comportamiento autéonomo que lleve al robot a
inspeccionar el campo sin intervencion humana.
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2 Objetivo
El robot utilizado para la inspeccion del campo es un modelo comercial
(mBase-MR7 de MoviRobotics) de cuatro ruedas con locomocion diferen-

cial, sin ruedas directrices y que puede girar libremente alrededor de su eje
vertical (Fig. 1.).

"

Fig. 1. Robot mBase-MR7 recorriendo el campo

La disposicion tipica de un campo de cultivo se puede ver en la Fig. 2.
Para inspeccionar una linea de cultivo, el robot se sitaa al inicio de ella,
colocandose de forma que la linea se ubique entre sus dos ruedas, y co-
mienza a avanzar, siguiendo la linea de cultivo gracias a la camara que
lleva a bordo. El avance prosigue hasta llegar al final de la linea. Una vez
recorrida esa linea, realiza las maniobras necesarias para situarse al inicio
de la siguiente linea que quiere inspeccionar. El procedimiento se repite
hasta que se inspeccionan todas las lineas que conforman el cultivo. Ese es
el objetivo de este robot, realizar la inspeccion con cobertura total del
campo navegando de forma autonoma.

La inspeccion del campo con cobertura total requiere disponer de un
conjunto de conductas individuales como: 1) una conducta de seguimiento
de linea, 2) una conducta de deteccion de fin de linea, y 3) una conducta de
cambio de linea para posicionarse correctamente en la cabecera de la si-
guiente linea. Ademas debe estar dotado de 4) una conducta de deteccion y
sorteo de obstdculos para evitar la colision, y 5) una conducta de supervi-
sion del nivel de las baterias, de forma que cuando detecta que la alimenta-
cion esta proxima a agotarse, el robot se dirija al punto de recarga mas cer-
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cano. Para lograr que el robot se dirija a un punto determinado situado en
los bordes del campo de cultivo, como puede ser un punto de recarga o de
inicio del recorrido de inspeccion, el robot debe tener una conducta que le
guie, con ayuda de un GPS, desde un punto del borde del campo (laterales
y cabeceras del cultivo), hasta otro punto del mismo borde. Estas y futuras
conductas que se podran ir progresivamente incorporando, son las conduc-
tas que debe ser capaz de generar de forma coordinada la red de nodos
propuesta en este articulo.

Fi. 2. Disposicion tipica de un campo de cultivo de maiz

3 Nodos

En esta seccion se introduce el concepto de nodo, componente fundamen-
tal de la red que genera los comportamientos del robot. Un nodo es una
unidad basica, con una funcionalidad determinada, cuya interconexion con
otros nodos forma conductas. Existen tres tipos de nodos: nodos percepti-
vos, nodos cognitivos y nodos actuadores. Se ha realizado esta division
basandose en los fundamentos de la psicologia cognitiva, y rechazando las
ideas de la psicologia conductista, que no tiene en cuenta los elementos
deliberativos, y explica la conducta como simples reflejos accion-reaccion
(Bermudez Moreno, 2011). Los nodos perceptivos se encargan de procesar
la informacion procedente del mundo o del propio estado del robot. Estan
conectados a los diferentes sensores del robot, procesando la informacion
que éstos les facilitan, y generando como producto de este procesamiento
una informacion que utilizan otros nodos. Por ejemplo, la conducta de se-
guimiento de linea de cultivo comienza con un nodo perceptivo encargado
de procesar la informacion procedente de la camara detectando la posicion
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de las lineas de cultivo en la cobertura vegetal que aparece en la imagen.
Esta informacion se transmite al siguiente nodo cognitivo. Los nodos cog-
nitivos son los elementos deliberativos, reciben informacion procedente de
otros nodos y deciden como actuar en funcion de esa informacion. Si-
guiendo con el ejemplo anterior, el nodo cognitivo recibe la informaciéon
de la posicion de las lineas de cultivo y decide como actuar, corrigiendo, si
es necesario, la navegacion del robot activando los nodos actuadores para
que el robot no pise las lineas de cultivo. Los nodos actuadores son los que
materializan la conducta, estan conectados a los actuadores del robot. Son
nodos normalmente sencillos, que llevan a cabo la actuacion correspon-
diente cuando se activan. Para finalizar con el ejemplo, en esta conducta de
seguimiento de linea se dispone de cuatro nodos actuadores: uno que in-
crementa la velocidad del robot, otro que la reduce, otro que actia girando
el robot hacia la izquierda, y el Gltimo que hace que gire a la derecha. Se-
gun cudl active el nodo cognitivo, se actiia de una forma u otra. En la Fig.
3 se pueden ver los nodos que forman la conducta seguir linea (de aqui en
adelante, los nodos perceptivos se representaran con triangulos, los nodos
cognitivos con circulos y finalmente los nodos actuadores con cuadrados).
,«//\\

N\
\

/ Deteccion \
/ lineas cultivo \

|

T g

/
i/ Control

\navegacién/

/

Incrementar Reducir Girar Girar
velocidad velocidad izquierda derecha

Fig. 3. Conducta seguimiento de linea de cultivo

4 Red de nodos

Para generar comportamiento autobnomo en el robot, se construye una red
de nodos como los presentados anteriormente. El objetivo es conseguir
generar un comportamiento autonomo del robot mediante esta estructura
de componentes sencillos, de forma que sea facil interconectar unos nodos
con otros y utilizar los mismos nodos para diferentes conductas. La estruc-
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tura de esta red también permite que sea asequible sustituir unos nodos por
otros respondiendo de esta forma a posibles cambios en la dotacidon senso-
rial del robot o a la incorporacion de otras estrategias de percepcion. La
sencilla sustitucion de nodos también responde bien cuando hay que variar
la capacidad deliberativa de los nodos cognitivos, bien porque se cambian
los actuadores del robot y hay que reemplazar los nodos actuadores. Otro
requisito de esta red es que facilite la incorporacion de nuevos comporta-
mientos al repertorio de conductas del robot. Con el tipo de red utilizado,
la incorporacioén se consigue de forma sencilla afiadiendo nuevas conexio-
nes a la red, entre nodos ya existentes o entre nuevos nodos que también se
agregan a la red, y afladiendo esta nueva conducta a la jerarquia de motiva-
ciones del robot tal como veremos en el apartado 5.

Las conductas se forman por la interconexion de nodos. La comunica-
cion de informacion es unidireccional, los nodos perceptivos pueden sumi-
nistrar informacion a nodos cognitivos o a nodos actuadores, pero no en
sentido contrario, y los nodos cognitivos pueden enviar informacion a no-
dos actuadores, pero no al revés. Los nodos pueden estar activos o inacti-
vos (para no perder capacidad de procesamiento). La activacion de los no-
dos se produce a través de la interconexion que hay entre ellos. Los nodos
perceptivos son capaces de activar los nodos cognitivos y actuadores que
hay conectados a ellos. Asimismo los nodos cognitivos, como centros neu-
ralgicos de la conducta, son capaces de activar los nodos perceptivos, cog-
nitivos y actuadores conectados a ellos. En el momento en que un nodo
perceptivo activo tenga informacion que transmitir, la manda por todas sus
conexiones, activando a la vez los nodos receptores para que sean capaces
de procesar la informacion percibida. Un nodo cognitivo activo, en cam-
bio, tiene la capacidad de elegir qué nodos activar o a cuales transmitir
informacion de entre todos los nodos conectados a él.

Como ya se ha dicho, una conducta estd formada por la unién de varios
nodos. Esos mismos nodos, o un subconjunto de ellos, pueden formar parte
de otras conductas. De esa manera, se van interconectando los nodos y se
forma la red. La mayoria de las conductas estaran formadas por nodos per-
ceptivos, cognitivos y actuadores, pero con esta estructura también se pue-
den implementar conductas reflejas, es decir de accidon-reaccion, propias
de componentes reactivos y formadas tinicamente por nodos perceptivos y
nodos actuadores. Ademas es posible construir conductas plenamente deli-
berativas, es decir que no tengan en cuenta la percepcion, y por tanto for-
madas por nodos cognitivos. Este tipo de conductas pueden utilizarse para
por ejemplo proponer un plan que posteriormente unos nodos actuadores
pueden llevar a cabo.

En una ejecucion normal de la red existiran varios nodos activos ejecu-
tandose en paralelo. Estos pueden formar parte de la misma conducta, por
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ejemplo, nodos perceptivos que estan captando informacion a la vez que se
esta deliberando sobre la informacion percibida anterior y al mismo tiempo
que nodos actuadores estén actuando sobre el mundo. Pero también pueden
formar parte de distintas conductas. Esto se debe a que el robot puede estar
en alerta, prestando atencion a distintos estimulos del entorno o de su esta-
do interno, para poder reaccionar adecuadamente en el caso de que se pre-
sente el estimulo adecuado. Estas conductas en alerta, caracteristicamente
tienen activos unicamente los nodos perceptores correspondientes, pasando
solo a activarse el resto de la conducta cuando se perciban los estimulos
adecuados. En la Fig. 4 se muestra un fragmento de una red, que incluye
las conductas de seguimiento de linea de cultivo y de deteccion de fin de
linea.
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Fig. 4. Fragmento de red de nodos
5 Motivos

Este apartado pretende dar respuesta a la cuestion de como emerge un
comportamiento autdnomo en el robot a partir de la red de nodos explicada
anteriormente, sin que exista conflictos e interferencias entre las diferentes
conductas, y se produzca un comportamiento coordinado y correcto.

El motivo puede definirse como una fuerza interna impulsora que activa
al organismo y dirige sus acciones (Sanz Aparicio, 2011). La clasificacion
mas basica entre motivos es la que distingue entre motivos primarios y
motivos secundarios. Los motivos primarios son aquellos que estan rela-
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cionados con la supervivencia de los individuos, mientras que los motivos
secundarios se consideran como metas 0 motivos en si mismos, que movi-
lizan al sujeto hacia la accidon. Desde este punto de vista, se entiende que
los motivos secundarios son los objetivos o metas que surgen desde el inte-
rior del propio sujeto y que tienen en si mismo un significado, una direc-
cion y una intencidon o propdsito.

En los animales, cuando se produce una necesidad asociada con un mo-
tivo primario, toda la motivaciéon del sujeto se dirige a realizar de forma
inmediata la conducta que satisfaga esa necesidad. Asi, cuando un animal
tiene hambre, desata una conducta apetitiva destinada a saciar esa necesi-
dad. Esta forma de actuar también es la propia del robot. Cuando el robot
detecte que se esta quedando sin alimentacion en sus baterias, dejara lo que
esté haciendo y elicitara una respuesta destinada a saciar su “hambre”,
buscando el punto de recarga mas cercano donde pueda cargar sus baterias.

Para que el robot tenga un comportamiento adecuado a sus motivaciones
y no existan conflictos entre unas y otras, se propone una jerarquia de
constructos motivacionales (Fig. 5.), con los motivos primarios en los ni-
veles inferiores y los motivos secundarios en los superiores. Se organizan
todos los motivos desde un nivel inferior a un nivel superior, de forma que
solo pueden satisfacerse los niveles superiores, cuando los inferiores estan
satisfechos. Como motivos primarios del robot se encuentran la necesidad
de conservar su integridad fisica y la necesidad de alimentacion. La prime-
ra de éstas se refiere a la necesidad de reaccionar adecuadamente cuando
se encuentra algiin obstaculo en el camino, puesto que si no atiende esa
necesidad de forma inmediata supondra que el robot choque con ese obs-
taculo y eso puede significar que el robot quede seriamente dafiado. La
necesidad de alimentacion se refiere a la necesidad de buscar un punto
donde recargar las baterias cuando se esté¢ quedando sin alimentacion. La
necesidad de conservar la integridad fisica se sitia en el nivel mas bajo de
la jerarquia, ya que es la necesidad mas importante para el robot (si el ro-
bot acaba destrozado por un obstaculo, el resto de necesidades desapare-
cen), situandose la necesidad de alimentacion en el nivel inmediatamente
superior. Todos los motivos primarios tienen sus conductas en alerta, para
poder prestar atencion a los estimulos del entorno (obstaculos) o de su es-
tado interno (nivel de las baterias), para poder reaccionar adecuadamente
en el caso de que se presente el estimulo adecuado. Como ya se comento
anteriormente, estas conductas en alerta, caracteristicamente tienen activos
unicamente los nodos perceptores correspondientes, pasando sélo a acti-
varse el resto de la conducta cuando se perciban los estimulos adecuados.
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Fig. 5. Jerarquia de constructos motivacionales

Dentro de los motivos secundarios del robot, se encuentran las metas
que tiene. Estas estdn organizadas jerarquicamente de manera que las me-
tas de alto nivel se persiguen mediante metas de niveles mas bajos. En
nuestro ejemplo, el robot tiene como maxima meta recorrer el campo de
cultivo entero. Para ello debe ir recorriendo, sucesivamente, las distintas
lineas que componen el cultivo, que constituyen metas de un nivel inferior.
A su vez, recorrer una linea de cultivo supone una serie de metas de nivel
inferior, como son posicionarse correctamente al inicio de la linea, seguir
la linea sin pisar el cultivo, y llegar al final de la linea de cultivo (Fig. 6.).
El fundamento esta en descomponer las metas en metas cada vez mas sim-
ples, de forma que seglin se vayan satisfaciendo las metas de los niveles
inferiores, se iran gradualmente satisfaciendo las metas de niveles superio-
res. Dentro de cada nivel, las metas se persiguen de izquierda a derecha
segun estan situadas en la jerarquia.

Recorrer el campo

Recorrer primera linea Recorrer segunda linea Recorrer ltima linea

[ 1 1 [ 1 1 [ 1 1

Posicionarse Seguir Llegar Posicionarse Seguir Llegar Ve Posicionarse Seguir Llegar
inicio linea linea fin linea inicio linea linea fin linea inicio linea linea fin linea

Fig. 6. Ejemplo de jerarquia de metas

Los nodos cognitivos de las conductas que se estan llevando a cabo para
satisfacer las metas son los encargados de poner en alerta la conducta en-
cargada de alcanzar la siguiente meta, para que esté preparada cuando se
satisfaga la meta actual, asi como de desactivar su conducta cuando logra
la meta que se habia propuesto el robot.

Cuando se esté realizando una conducta para satisfacer una meta y apa-
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rezca una necesidad primaria, se atendera ésta, y luego, si es posible, se
continuara la meta que se estaba satisfaciendo. Por ejemplo, si aparece un
obstaculo en el camino, el robot se parara, pero si pasado un tiempo deter-
minado el obstaculo desaparece, se proseguird con la meta que se quiere
satisfacer. Si, por el contrario, no es posible continuar con la meta que se
estaba satisfaciendo, se empezaran a satisfacer otra vez las metas de ese
mismo nivel pertenecientes a la misma meta del nivel inmediatamente su-
perior. Por ejemplo, si el robot mientras estd siguiendo la segunda linea de
cultivo, se ve obligado a abandonar la inspeccion para buscar un punto de
recarga ya que se esta quedando sin alimentacion, la meta superior de reco-
rrer la segunda linea de cultivo se habra quedado incompleta. Entonces,
cuando el robot acabe de recargarse, tendra que volver a satisfacer la meta
de posicionarse correctamente al inicio de la segunda linea para posterior-
mente seguirla.

Con esta jerarquia de constructos motivacionales que guian el compor-
tamiento del robot se consigue un comportamiento autonomo del robot sin
conflicto entre las conductas.

6 Condicionamiento instrumental

Como los estudios etologicos han demostrado (Abril Alonso, 2009), en los
animales existen comportamientos innatos, conductas predeterminadas
genéticamente que han evolucionado con la especie y les han permitido
adaptarse a su entorno y facilitar su supervivencia. En el robot, conductas
innatas serian todas aquellas que el programador ha desarrollado, que ha
escrito en los “genes” del robot. En contraposicion a estas conductas, estan
las conductas aprendidas, que son aquellas que el animal adquiere a través
de la experiencia. Un tipo de aprendizaje es el condicionamiento instru-
mental, una forma de aprendizaje asociativo en el que se desarrollan nue-
vas conductas en funcion de sus consecuencias (Domjan, 2007). Se puede
resumir en la ley del efecto establecida por Thorndike: “Cualquier conduc-
ta que en una situacion produce un efecto satisfactorio, se hara mas proba-
ble en el futuro”. Por ejemplo, si introducimos una rata en una caja con
una palanca que al ser pulsada hace que aparezca alimento para el animal,
al principio la rata realiza conductas aleatorias hasta que, por azar, pulsa la
palanca y consigue el alimento. En un primer ensayo la rata no establece la
relacion entre la pulsacion de la palanca y la obtencion del alimento, pero a
lo largo de varios ensayos, la rata aprende la relacion y llega un momento
en que al introducir la rata en la caja, ésta se dirige a la palanca para pul-
sarla y conseguir el alimento. La conducta sirve de "instrumento" para lo-
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grar un fin y se aprende a través de un mecanismo de prueba y error.

Basado en estos fundamentos, la idea que se pretende es que el robot
adquiera una conducta mas compleja a partir de una secuencia de conduc-
tas elementales. En concreto, se quiere probar este tipo de aprendizaje para
que el robot adquiera la conducta de cambio de linea de cultivo a partir de
conductas simples como son desplazarse hacia adelante, desplazarse hacia
atras, girar a la izquierda y girar a la derecha. El robot cuando termina de
recorrer una linea de cultivo y llega a su final, necesita realizar una serie de
maniobras para posicionarse correctamente al inicio de la linea siguiente
que se quiere recorrer (Fig.7.). La distancia entre las lineas de cultivo es
siempre la misma, por lo que las maniobras a realizar son siempre las
mismas. Se pretende que el robot adquiera una conducta compleja a partir
de un conjunto de conductas simples innatas. Para ello, se generaran se-
cuencias aleatorias combinando estas conductas, de forma que aquellas
combinaciones que logren su meta (posicionarse correctamente al princi-
pio de la siguiente linea), se veran reforzadas positivamente, siendo el re-
fuerzo mayor cuanto menor sea el tiempo en conseguir el posicionamiento.
De esta forma, cuando finalice el entrenamiento, el robot llevara a cabo la
conducta de cambio de linea de cultivo que mayor refuerzo haya obtenido,
pasando a formar parte del conjunto de conductas del robot. Es importante
sefalar que para un mismo tipo de cultivo (maiz, girasol, etc.) las lineas se
siembran manteniendo siempre la misma distancia, por lo que aunque la
etapa de entrenamiento pueda ser costosa esta se compensa ampliamente
porque la conducta aprendida sera aplicable a cualquier cultivo del mismo
tipo.

Fig.7. Posicion de inicio para la maniobra (izquierda) y posicion final de la ma-
niobra (derecha). Generacion de la conducta cambio de linea.
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CAPITULO 10

A UGV NAVIGATION SYSTEM FOR LARGE
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This work presents a navigation system for UGVs in large outdoor envi-
ronments; virtual obstacles are added to the system in order to avoid zones
that may present risks to the UGV or the elements in its surroundings. The
platform, software architecture and the modifications necessary to handle
the virtual obstacles are explained in detail. Several tests have been per-
formed and their results show that the system proposed is capable of per-
forming safe navigation in complex environments.

1 Introduction

The autonomous navigation for Unmanned Ground Robots (UGV) is a
very useful tool for many robotic applications; one of the areas where it
can be highly exploited is the autonomous surveillance of large infrastruc-
tures, in which this work is framed. The autonomous navigation can be
defined as the problem of finding and following a collision-free motion
from a start to a goal position. This paper presents a scheme to perform the
autonomous navigation, and to improve the safety of the system by adding
a series of virtual obstacles in order to avoid zones where a potential risk,
which may not be detected by the sensors on board the UGV, has been
identified.

One of the main concerns regarding autonomous navigation is the safe-
ty of both the UGV performing the navigation and the elements that may
be in the surroundings. In order to avoid collisions, most systems rely on
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the information provided by the sensors onboard the UGV — mainly on
laser rangefinders — but when the environments are more complex those
sensors does not provide all the information necessary, making it necessary
to use more complex sensors and therefore increasing the complexity of
the system and still not assuring the detection of all the obstacles. For the
proposed surveillance application, most of the obstacles that cannot be de-
tected by the laser rangefinders, such as: sidewalks, fences, benches, nega-
tive obstacles or small bushes; are placed in fixed locations, and therefore
can be known a priori.

This work proposes a very simple solution to that problem, and it is to
create virtual obstacles for those elements denoted as No-Go Zones
(NGZ), and add them to the map created by the SLAM algorithm. This
modified map is sent to the path planning algorithm, and will allow the
navigation system to avoid such obstacles; also some modifications to the
basic navigation architecture are made to prevent misbehaviors of any
modules of the navigation system.

The outline of this paper is as follows: after this brief introduction, Sec-
tion 2 reviews some related works. Section 3 describes the hardware com-
ponents used. The software architecture for the navigation is described in
Section 4. In Section 5, the Virtual Obstacles Approach and the changes to
adapt the architecture to this approach are detailed. Section 6 describes the
experiments that have been carried on and their respective results. Finally,
Section 7 presents the conclusions and future lines of work.

2 Related Work

The Autonomous Navigation Robot world is very large, so in review of the
related work, the content will be enclosed to the navigation of Unmanned
Ground Vehicles (UGVs) dedicated to outdoor surveillance tasks. This is
due to the huge amount of possibilities of surveillance, whether indoor or
outdoor, that are carried through. For example, from using fixed cameras
which help the UGVs in its task to Unmanned Aerial Vehicles (UAVs)
that work cooperatively.

The main objective of any navigation system is to move safely from a start
position to a goal position, both of them determined previously. That
means avoiding obstacles and making the path in the lowest possible time.
For example, in (Kunwar, et al., 2006), they develop a moving target inter-
ceptor in environments where obstacles may move or not. The navigation
concept in here is determined by the position of the target, in which veloci-
ty and position are taken in order to intercept the target with an algorithm
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called rendezvous-guidance (RG). They just base their algorithm in a vi-
sion module. Other researchers have been including fuzzy logic in the nav-
igation algorithm through the time. These method can be seen in (Zhu, et
al., 2007), where they develop a fuzzy logic general navigation system
which produces smooth trajectories. Here, the dead cycle problem is
solved and static and moving obstacles are also avoided.

Quite a lot of sensors configuration can be arranged to perform autono-
mous navigation. Despite the most utilization of lasers combined with oth-
er sensors on these platforms, in another configuration is used. They de-
velop a mobile robot whose navigation is based on GPS and Sonars. They
introduce a radial basis function network (RBFN) used to locate the GPS
into the robot coordinates, giving a smooth turning of the platform when
avoiding obstacles. Other work bases its navigation just in vision module,
as (Kunwar, et al., 2006) or (De Cubber, et al., 2009). This last one focuses
its purpose on determining the terrain traversability with stereo images.

Returning to the most used method, the Laser Range Finders (LRF), in
(Aliakbarpur, et al., 2009), they suggest a navigation system based on a 3D
laser, a stereo camera and an Inertial Measurement Unit (IMU). In its work
they develop an algorithm to calibrate these devices with the objective of
being useful for surveillance and show its utility. Another LRF and camera
based system is the one presented in (Kumar, et al., 2009). Here, besides
the navigation system, human faces can also be detected, but is not optimal
in outdoors. Other platform used in outdoor surveillance is (Yang, et al.,
2010). In here, fast obstacle detection is developed based on two color
cameras and helped with a 1D LRF. Regarding the navigation system, it is
based on an IMU and a GPS. The innovation here is the method used to
get the main ground disparity (MGD) from the V-disparity images in order
to adapt the platform to intricate terrains.

3 Hardware Components Description

This section describes the hardware components used for this work. It in-
cludes a base platform, an on-board computer and series of on-board sen-
sors that, when used together, allow the system to perform safe navigation.

3.1. Base Platform

The mobile platform is based on the Summit XL. It has skid-steering kin-
ematics based on four high efficiency motors. The odometry is provided
by an encoder on each wheel and a high precision angular sensor assem-
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bled inside the chassis. The robot can move autonomously or it can be tel-
eoperated using images from a camera on-board. The Summit XL uses an
open and modular control architecture based on ROS. An image of the ro-
bot before all the equipment was mounted is shown in Fig. 7

Fig. 7. Summit XL Mobile Platform

3.2. On-Board Components
On-Board Computer:

The robot has an embedded Linux PC. It is an Intel DN2800MT with
mini ITX form factor located in the middle of the robot, The computer is
completed with 4GB of RAM and a 2.5” SATA HDD. This computer al-
lows having all the data processing and navigation algorithms in a fully
autonomous manner.

Laser Rangefinders:

Two Hokuyo laser rangefinders are mounted on the platform: the first
one is an UTM-30LX-EW, it can scan a 270° semicircular field, with a
guaranteed range that goes from 0.1 to 30 meters and a maximum output
frequency of 40Hz. The second laser rangefinder is an URG-04LX, it has a
semicircular scanning area of 240° the guaranteed range for this device
goes from 0.06 to 4.09 meters and it can operate at a maximum frequency
of 10 Hz.

Both devices are shown in Fig. 8. They are placed at different heights,
with the 4 meters rangefinder at 10 centimeters from the floor in the front
of the robot, and the 30 meters laser at 60 centimeters over the floor and in
the center part of the robot.
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Fig. 8. Laser Rangefinders Mounted On-Board
Global Position System:

A Novatel OEM-4 GPS engine is used; it can offer centimeter level
positioning accuracy with a frequency of 2Hz. RS232 serial communica-
tion is used to read the incoming data and send correction commands. The
engine is complemented with an ANT-A72GOLA-TW GPS antenna.

Video Cameras.

There are also two cameras on-board the robot: the first one is a
Logitech Sphere Camera, with motorized tracking (189° horizontal and
102° vertical) and Autofocus lens system. It provides a frame rate of up to
30 fps and a resolution of 1600 by 1200 pixels (HD quality); the second
camera is a Firefly MV FMVU-03MTM, it has a frame rate of 60 fps and a
resolution of 752 x 480 pixels.

The sphere camera is used mainly for teleoperation, due to its Pan-Tilt
capability, while the Firefly camera is used for high level video processing
because it is faster and has better optics.

Inertial Measurement Unit.

A MicroStrain 3DM-GX3 25 which is a high-performance, miniature
Attitude Heading Reference System (AHRS) is mounted inside the robot.
It combines accelerometers, gyroscopes and magnetometers in the three
axes, with temperature sensors and an embedded processor to provide stat-
ic and dynamic orientation, as well as inertial measurements.
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Fig. 9. Platform with all sensors and components.

The Fig. 9 shows a picture of the complete system, the on-board com-
puter and IMU are inside the chassis. The 30m rangefinder and one camera
are mounted on a pedestal to have a better detection of the external objects,
and the 4m laser rangefinder is below the robot and allows avoiding lower
obstacles.

4 Software Architecture

This section describes the software architecture used for this work; it con-
trols all the components of the UGV as well as the high level algorithms
for mapping and navigation, including the proposed schema to avoid NGZ.
The entirely software is supported by the software framework ROS (Robot
Operating System), which comprises libraries and tools that facilitate the
development of new robot applications.

First the basic components necessary to control de the robot will be
mentioned. After that, the main algorithms used for the navigation will be
described.

4.1 Basic Components

4.1.1tf

To set the sensor locations and maintain the relationship between coordi-
nate frames in a tree structure, #f (transform functions) package is execut-
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ed. It allows keeping track of multiple coordinate frames and their corre-
sponding transformations over time. A clear example is the sensor loca-
tions with respect to the robot body or the global position of the UGV in
the reference frame. It is a very important component, because a simple
deviation of a laser measurement could result in the robot hitting an obsta-
cle.

4.1.1 summit_xI_ctrl

The summit _xl_ctrl package performs the low level control of the robot.
This means that it receives the linear and angular velocity commands from
either the teleoperation or the autonomous navigation modules. Those
commands are processed using the inverse kinematics of the UGV in order
to obtain the required speed for each wheel. The resulting control signals
are sent directly to the control of each wheel-motor in order to obtain the
desired speed. This package also receives the readings from the encoders
on each wheel and from the angular sensor (gyroscope). These data are
used to calculate the odometry which then is sent back to the other nodes
in the system.

4.1.2 summit_x|_pad

The summit xI_pad node is used to teleoperate the UGV. It uses data in-
coming from any joystick or control pad, and converts those data to veloci-
ty commands that are sent directly to the summit xI ctrl node, thus per-
forming a direct control over the movements of the UGV.

4.1.3 EKF pose

The EKF (Extended Kalman Filter) pose package is used to estimate the
three-dimensional pose (position and orientation) of the robot. Once the
robot odometry, GPS and IMU readings are received and their correspond-
ing transformations are set. It is possible to establish a measurement model
that links the measurements of each sensor with the global position of the
mobile robot. Those models are first combined using probability fusion
techniques and then expressed as another probability density function. A
detailed explanation of this process can be found in (Garzon, et al., 2013).

The models and the Kalman Filter itself are implemented using a ROS
wrapper of the Bayesian Filter Library. The combined pose is sent back to
the system as a ROS topic and also by setting the corresponding transfor-
mations in the #f topic. The estimated pose can be obtained with the data
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available at each that time, even if one sensor stops sending information.
Also, if the information is received after a time-out, it is disregarded.

4.2 Main Navigation Algorithms

The main navigation algorithms are a series of modules that, when com-
bined, provide the UGV with the ability of performing autonomous navi-
gation. Here each one of the modules will be briefly described: the first
module is used for creating maps using readings from the laser and the
odometer (SLAM), another module is used for handling and publishing the
maps, a third one is in charge of the localization within a given map, and
finally, the main component performs path planning and following.

4.2.1 SLAM (gmapping)

The navigation scheme proposed is based on navigating on a known map,
thus building this map is a main part of the overall process. In this work a
ROS wrapper for GMapping is used. GMapping takes raw laser range data,
in this case the combined odometry from the EKF, and uses it to build grid
maps using a highly efficient Rao-Blackwellized particle filer (Grisetti, et
al., 2007).

4.2.2 Map Server

The map server provides the map data to all other elements on the system.
The maps are based on grayscale images, where each pixel represents the
occupancy state of each cell of the world; white pixels represent free
space, black ones represent occupied cells and gray ones represent un-
known spaces. The values are loaded from the images and published in one
or more occupancy grids.

4.2.3 Localization (AMCL)

This package implements the Adaptive Monte-Carlo Localization
(AMCL). It works as a probabilistic localization system, using a particle
filter to track the pose of the UGV in a known map. It relays on the infor-
mation provided by the scans of laser rangefinder and the #f messages. The
AMCL publishes the estimated pose of the robot in the map with its corre-
sponding covariance, and the set of pose estimates being maintained by the
filter.
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4.2.4 Path Planning and Following (Move Base)

This package includes some major components for the two-dimensional
navigation. It takes a goal in the world, and attempts to reach it with a mo-
bile base. The planning is separated in two phases: global and local; each
one of them uses its own cost map.

The global planner finds a minimum cost plan, from a start to an end
point, using the Dijkstra's algorithm in a given global cost map. It works
under the assumption that the UGV is a circular robot and provides only
the list of points necessary to reach the goal, it does not provides orienta-
tions, times nor velocity commands.

The local planner provides a controller that helps the robot to follow the
global path created by the global planner. It uses a smaller local occupancy
map that is constantly redefined around the current pose of the robot. The
local planner creates a kinematic trajectory for the robot to get from a start
to a local goal pose, providing the linear and angular velocities that will
allow the platform to safely traverse the local occupancy grid. The local
goal pose is selected as the farthest point of the global path that is covered
by the local map. It takes into account static and dynamic obstacles that
may be added by the sensors on-board the robot. The velocity commands
are sent directly to the robot’s controller.
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Fig. 10. Software Architecture.

The Fig. 10 shows the complete software architecture, all important
modules, inputs and outputs, as well as their respective connections are
shown; the dashed lines represent the modules and connections used only
for the SLAM algorithm.
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5 Virtual Obstacles Approach

This section describes the changes and additions made to the software ar-
chitecture described in Section 4, to enhance it with the ability to avoid
NGZ. The basic idea is to modify the occupancy map, in order to mark the
forbidden zones as if they had obstacles in them. Making changes in the
map has two main drawbacks the performance of the system that need to
be solved: first the localization system will not work correctly since it will
no longer be able to match correctly the readings of the laser rangefinder
against the given map; the second consequence is that since the laser
rangefinder will not find any obstacles, it will clear the NGZ even if they
were previously marked as occupied. In the next subsections, the method-
ology to add the obstacles will be explained, also the solutions the localiza-
tion and clearing zones problem will be detailed.

5.1 Changing the Map to Add No-Go Zones

As was described in Section 4.2.2, the map is represented as an image
where each pixel represents a cell and its occupancy is given by the color
of the pixel. Since the location and shape of the NGZ is assumed to be
known a priori, virtual obstacles, which represent those zones, can be add-
ed offline as occupied spaces into the map image.

£ ‘ m Occupied Space
e
Unknown Space

N

“(a) Original Map Image

m Occupied Space
Unknown Space
m Virtual Obstacles |-

(b) Inclusion of Virtual Obstacles
Fig. 11 Virtual Obstacle Addition.
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The Fig. 11 shows a portion of the map before and after the virtual ob-
stacles were added. In this example, the virtual obstacles are used to repre-
sent zones where there is a sidewalk with a height that cannot be detected
by the laser rangefinder.

5.2 Solving the Issues of the Modified Map

As was mentioned before, one of the main issues of modifying the occu-
pancy grid is that the laser scanner will no longer match the information
contained in the map. This is the most problematic issue, because it affects
the localization algorithms which are basic for the navigation. To solve
this problem two separated map server instances were created: the first
instance uses the map without any modification, thus allowing the localiza-
tion algorithm to have a correct representation of the world around the
UGYV. The second instance uses the map with the virtual obstacles and is
sent to the path planning and following module. This module reads the
map and performs the planning avoiding the NGZ. In the Fig. 4 it can be
seen that there is only one instance of the map server, that loads the map
and sends it to both the localization and the path planning and following
modules. This will be replaced by two separated modules, the first includ-
ing the virtual obstacles and only communicated with the move base mod-
ule; a second one without modifications that will be connected only to the
AMCL module.

The second issue is that the laser scanner may clear the location where
the cost map has been modified. This may cause that the planning algo-
rithm to generate paths that may traverse the NGZ, to solve this problem a
service provided by the cost map handler is used, this service reloads the
original cost map from the stored image, so before the global planning is
performed, the cost map is reloaded from the image. This gives as result on
a path that will always avoid the NGZ.

6 Experiments and Results

This section describes the scenarios and experiments that were carried on
in order to evaluate the performance of the proposed technique. The Ho-
kuyo UTM-30-LX-EWTM 30m laser rangefinder described in Section 3.2
was used for robot localization and obstacle avoiding. It is placed in a
height of about 60cm from ground level. It is evident that in real world
environments, many potential obstacles lie below this limit.

The experiments where held in two different settings. The first one took
place in the campus gymnasium, where normally there are no obstacles
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below the laser height. This relatively safe zone allows the system to per-
form qualitative comparisons between using or not NGZ. First the map is
constructed using the SLAM technique explained in Section 4.2. In this
step the robot is being moved manually around the gymnasium. Next, the
virtual obstacles for NGZs are superimposed on the map such as if they
were real objects. As was explained in Section 5, placing virtual obstacles
in a map renders it inappropriate for navigation, since these obstacles can-
not actually be detected by the robot’s laser sensor. To address this, two
separated instances of the map were created: one used for navigation and
another for the obstacle avoidance.

In order to have real NGZs in a controlled way, training mats were
placed on the floor of the gymnasium. This facilitates the visual assess-
ment of the methodology proposed. Two different tests were made in this
scenario: the first one was done using the standard configuration of the
navigation system; for the second one, the virtual obstacles for NGZs pro-
posed were included.

Fig. 12. Gym}lasium Test Scenario.

Fig. 12 shows this test scenario. The UGV is in its starting position and
the goal is represented by the orange cone, also the green mats on the floor
show the relative placement of NGZs. Using this setup, the performance of
the navigation system, regarding its ability to handle the presence or ab-
sence of No Go Zones, was compared. During the first test, when only the
navigation map was used, the robot was unable to avoid the obstacles be-
cause the laser rangefinder could not detect them. On the other hand, when
a second layer containing the virtual obstacles was used, the path per-
formed by the UGV circumvented the NGZs by passing around them. The
Fig. 13 shows images of the platform while executing the two tests.
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(a) Without Virtual Obstacles (b) With Virtual Obstacles
Fig. 13. Test with (b) and without (a) Virtual Obstacles for NGZ

It can be seen in Fig. 13(a) that the robot, in the first test, passed over
the mats without detecting them, while in the second test, shown in Fig.
13(b), the robot makes a route around the mats and successfully avoiding
the obstacles.

The result of the two first tests is more evident by comparing the path
when NGZs where ignored and the path when they were taken in account.
As it can be seen in Fig. 14(a), when the NGZ are ignored the path plan-
ning creates an almost straight line from the starting position to the goal.
On the other hand, when the virtual obstacles are present, the path is devi-
ated in order to avoid the mats as observed in Fig. 14(b).

M |nitial Position
M Robot Path

(a) Ignoring NGZ
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(b) Using Virtual Obstacles for NGZ
Fig. 14. Test paths with (b) and without (a) NGZ.

The second experiment was held outdoors in the university campus. For
this setting, the map used was constructed in a previous experiment. In this
more complex environment, a lot of objects are found below the laser
height, examples of some of those elements are: sidewalks, pavements,
benches, flower beds, or dustbins. Furthermore, there are other elements,
such as fences, nets or sparse plants, which regardless of their height, can-
not be detected correctly by the sensor. All these obstacles, which may
present high risk for the robot, were marked as No-Go Zones. Therefore,
corresponding virtual obstacles were manually added to the existing obsta-
cle map. According with the process described, the original map was used
for localization and the one with the modifications for the path planning
and following. In order to avoid potential damages for the equipment, only
the test with the NGZ map was executed.

Fig. 15. Outdoor Scenario.
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The scenario where the second experiment was held can be observed in
Fig. 15. There is a pavement and some plants that the laser cannot detect,
and a fence on the other side of the road. If the original map were used,
then collision would be very probable. By using the virtual obstacles in the
NGZ, the robot can effectively avoid these collisions and it drives safely
towards the desired goal position.

*| m Initial Position
M Robot Path . ™
| M Virtual Obstacles

s e 2l
Fig. 16. Outdoor Test Using NGZ

The path that the UGV follow during this experiment is shown in Fig.
16.Fig. 16. Outdoor Test Using NGZ The original map and the virtual ob-
stacles are also depicted. It is clear how the path is deformed in order to
avoid the virtual obstacles as well as the normal ones, thus proving the
ability of the proposed scheme to handle this complex scenario.

7 Conclusions

A system capable of navigating within simple and more complex real
world environments was presented. Safe navigation in complex environ-
ments is assured by using a simple technique that allows the UGV to avoid
zones where there may be risk of collisions or damage to the robot, con-
sisting on adding virtual obstacles to the map created by the SLAM algo-
rithm.

The main concerns of modifying a given SLAM map are studied and
solved by modifying the navigation architecture, creating two instances of
the map server and assuring that the virtual obstacles are taken into ac-
count in the path planning process.

Several tests were performed, first in indoor controlled scenarios and
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then in large and complex outdoor scenarios, all the tests show that the
inclusion of the virtual obstacles enhances the navigation system, without
having negative influences on the behavior of other modules of the system.

Future lines of work include the automatic inclusion of the virtual ob-
stacles, by using an external sensor on a fixed location or onboard an mini
UAYV hovering over the UGV, and studying techniques to modify directly
the cost map without using two instances of the map server.
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El objetivo de este trabajo es el desarrollo de un sistema de monitorizacién
inteligente de rehabilitacion cognitiva y funcional. Se pretende desarrollar
un sistema de valoracion analitica y funcional de las extremidades superio-
res basado en el sensor Kinect y acelerometros con el objetivo de aplicarlo
en el proceso de rehabilitacion funcional y cognitiva en mujeres tratadas
con cancer de mama. Posteriormente se pretende desarrollar un sistema
robotizado que permita ayudar a estas personas en su proceso de rehabili-
tacion.

1 Introduccioén

La Ingenieria de Rehabilitacion (IR) es la aplicacion de la ciencia y de la
tecnologia, con el objetivo de restituir, minimizar y/o compensar las difi-
cultades enfrentadas por individuos con discapacidades fisicas, sensoriales
y/o psiquicas, al efectuar las actividades de la vida diaria. En los tltimos
aflos son numerosas las aplicaciones robdticas que han surgido dentro de
esta linea de trabajo, entre ellas caben citar los robots Lokomat, Robotera-
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pist 3D, ASIBOT, ARMIN, MIT-Manus y HAL (Lokomat 2013, Robote-
rapist 3D 2013, Asibot 2013, Armin 2013, Krebs et al., 2007, HAL 2013).

En medicina, la rehabilitacion se refiere al proceso de atencion sanitaria
con miras a eliminar o reducir en lo posible las disfunciones y discapaci-
dades de los humanos, secuelas de enfermedades y traumas, para conseguir
la recuperacion fisica, psiquica, social y laboral del paciente. Para lograr
sus objetivos, la rehabilitacion se vale de disciplinas tan diferentes como
fisioterapia, logopedia, la terapia ocupacional y la psicologia.

La valoracion funcional global es el conjunto de evaluaciones que con-
forman el examen clinico. Estas valoraciones pueden ser analiticas y/o
funcionales y pueden ser de carécter cualitativo y/o cuantitativo. Para lle-
varlas a cabo se recurre a medios visuales (observacion de las estructuras
desde un punto de vista morfolégico y funcional) manuales (palpacion,
movilizacién tisular, etc.) e instrumentales (medicion de magnitudes fisi-
cas y sus variaciones, de la forma mas objetiva y precisa posible mediante
equipos de medida). Las valoraciones funcionales estudian las posibilida-
des de independencia del paciente tanto en la vida privada como en la pro-
fesional. En éstas se valora al paciente de forma global, cualitativa y cuan-
titativamente, se busca la racionalidad del gesto, motivar del paciente, etc.
Estas son mas complejas que las valoraciones analiticas y a la vez mas
subjetivas ya que estudian las interrelaciones existentes entre las distintas
estructuras y sistemas que posibilitan la independencia en la vida privada y
profesional del paciente. En general, en las valoraciones funcionales se
estudia la facilidad que tienen los pacientes para realizar las diversas acti-
vidades de la vida diaria (acciones cotidianas, movimientos extremidades,
marcha, etc.).

El seguimiento del Movimiento humano para rehabilitacion ha sido un
tema de investigacion activo desde los 1980’s. Ya que la rehabilitacion es
un proceso dinamico que utiliza las instalaciones disponibles para corregir
cualquier comportamiento del movimiento no deseado con el fin de alcan-
zar una expectativa (por ejemplo, posicion ideal) es necesario que las acti-
vidades de un paciente sean continuamente monitorizadas y posteriormen-
te corregidas (Zhou & Hu, 2008).

Los sistemas de seguimiento de movimiento del cuerpo humano deben
generar datos en tiempo real que representen de forma dindmica los cam-
bios de pose del cuerpo humano (o una parte del mismo). Estos sistemas
pueden estar basados en vision (mediante marcadores visuales o libres de
marcadores) o no basados en vision (sensores de presion, gonidmetros,
conmutadores, magnetometros y sensores inerciales -acelerometros y gi-
roéscopos-). Entre estos sistemas caben citar el APAS (Apas, 2013),
VICON (Vicon, 2013), BTS kinematic (BTS, 2013), NedHombro/IBV
(NedHombro, 2013), etc.
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En los ultimos tiempos esta surgiendo con fuerza la utilizacion del sen-
sor Kinect en aplicaciones de Rehabilitacion. Entre estos trabajos caben
citar el VirtualRehab (Vrehab, 2013) es un producto para la rehabilitacion
de pacientes con algin grado de discapacidad fisica, que combina la cap-
tura del movimiento con tecnologia de videojuegos. El resultado final es
un producto que ayuda a mejorar la calidad de vida de estos pacientes a la
vez que se divierten haciendo los ejercicios prescritos especificamente por
sus fisioterapeutas. El SeeMe (SeeMe, 2013) que es un sistema de realidad
virtual de captura de video proyectado donde el usuario es incrustado en
una historia virtual utilizando algoritmos para de movimiento y reconoci-
miento de posicion y de andlisis. La aplicacion RMT (Reflexion Measure-
ment Tool) (RMT, 2013) permite a los profesionales médicos personalizar
los planes y programas y potencialmente monitorear de forma remota a los
pacientes para garantizar que sus ejercicios vayan por buen camino.

El objetivo de este trabajo es el desarrollo de un sistema de monitoriza-
cion inteligente de rehabilitacion cognitiva y funcional. La rehabilitacion
cognitiva y funcional tiene como objetivo la recuperacion de aquellas per-
sonas que presenten una disminucion de su capacidad fisica, sensorial o
psiquica. Este proceso se inicia con la deteccion y diagnostico de la pro-
blematica a tratar y continta hasta la consecucién y mantenimiento de la
maxima funcionalidad personal posible.

En concreto en este trabajo se pretende desarrollar un sistema de valora-
cion funcional de extremidades superiores de muy bajo coste basado en el
sensor Kinect. Este trabajo se realiza en colaboracion entre el Departamen-
to de Electronica y el Departamento de Fisioterapia de la Universidad de
Alcald y se centra en estudiar la valoracion funcional de extremidades su-
periores de mujeres tratadas de cancer de mama aunque puede ser extrapo-
lable a otras valoraciones de movimientos de extremidades. Posteriormente
se pretende desarrollar un sistema robotizado que permita ayudar a estas
personas en su proceso de rehabilitacion.

2 Motivacion

El cancer de mama constituye uno de los principales problemas de salud
en los paises desarrollados, encabezando la lista de tumores que padecen
las mujeres con una representatividad del 20-30% (IARC, 2008). Gracias
al diagnostico precoz y al aumento de la eficacia de los tratamientos su-
ministrados existe una tasa de supervivencia a los 5 afios cercana al 80 %.
Sin embargo, este tipo de terapias inducen una serie de complicaciones que
deben ser tomadas en cuenta (Lacey et al., 2002): la disfuncion del hombro
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(Cheville & Tchou, 2007) (Kuehn et al., 2000), la alteracién de la sensibi-
lidad del miembro superior (Cheville & Tchou, 2007) (Kuehn et al., 2000),
el linfedema (Bani et al., 2007) y el dolor cronico (Cheville & Tchou,
2007) (Kuehn et al., 2000). Estas pueden provocar una serie de secuelas
psiquicas de importancia que, junto con las anteriores, favorecen la dismi-
nucion de la calidad de vida.

Teniendo esto presente, en el Grupo de Investigacion en Fisioterapia en
los Procesos de Salud de la Mujer del Departamento de Fisioterapia de la
Universidad de Alcald se estan desarrollando investigaciones para com-
probar si realmente existen alteraciones en los patrones musculares impli-
cados en la articulacion del hombro en mujeres tratadas de cancer de ma-
ma. De confirmarse dicha disfuncion, se estableceran investigaciones futu-
ras para desarrollar un protocolo de fisioterapia eficaz para tratar este tipo
de secuelas.

El objetivo final es estudiar si existe algiin tipo de alteracion en el pa-
tron muscular (comienzo de la activacion motora, nimero de unidades mo-
toras reclutadas, correlacion entre la fuerza muscular requerida y el reclu-
tamiento motor en contracciones isométricas, pérdida de fuerza muscular,
etc) de los movimientos de flexion, de abduccion y de rotacion externa del
hombro y para ello serd necesario desarrollar un sistema que permita la
adquisicion de EMG de los musculos implicados asi como la amplitud ar-
ticular y el registro de la trayectoria de los movimientos de la extremidad
superior durante el tiempo de evaluacion.

3 Arquitectura general del Sistema

Se ha desarrollado un sistema que realiza de forma protocolizada la adqui-
sicion de datos biomédicos, principalmente biomecanicos, y realiza el tra-
tamiento de los mismos para generar informes. Estos informes a su vez
sirven de base para posteriores estudios cuyo proposito es determinar la
correlacion existente entre las capacidades musculares y articulares de una
persona afectada por una patologia en contraposicion con una persona sa-
na.
El sistema consta de las siguientes partes diferenciadas:
*  Un ordenador personal.
= Sensores:
o Céamara de vision espacial Kinect® de Microsoft.
o Acelerometros PhidgetAccelerometer 3-Axis de Phid-
get.
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o Dinamémetro microFET2 Handheld Dynamometer de
Hoggan Health Industries.
o Electromiografo EMG M408 Dual Bio Amp/Stimulator”
y el procesador digital Chart5 for Windows .
= Aplicacion Informatica de adquisicion de procesamiento de da-

tos.
La Fig. 1 muestra el diagrama de bloques del sistema implementado.

Camara Kinect

Acelerdmetro
Phidget Programa Informético
Paciente
Dinamometro Sesion Informe

microFET - r
—> TF>

Electromiografo
EMG M408

Ordenador de
sobremesa

Dispositivos de
entrada (Sensores)

Fig. 1. Diagrama de bloques del sistema implementado.

El nucleo de la aplicacion es el sistema de captura de movimientos
mediante la cual se realiza el célculo de la amplitud articular y el registro
de la trayectoria de los movimientos de la extremidad superior durante la

evaluacion. La Fig. 2 muestra dicho sistema.

Fig. 2. Sistema de captura de movimientos.
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4 Sistema de valoracion funcional de extremidad superior
basado en el sensor Kinect y acelerometros

Como se ha visto el sistema se basa en acelerometros 3D y el sensor Ki-
nect. Los acelerometros utilizados son PhidgetAccelerometer 3-Axis (Fig.
3) que permiten medir aceleraciones dinamicas (vibraciones) y estaticas
(gravedad o inclinacion). Los movimientos que detecta el acelerémetro son
los de pitch y roll, y no permite medir el yaw. Por este motivo en funcién
de la aplicacion desarrollada es necesario colocarlos en diferentes posicio-
nes para medir las amplitudes articulares.

-

ROLL

+¥ rotation

it -

<
L SR gt g «

R Al . ——
v!g ATRY \

v
gravity

PITCH
+X rotation

Fig. 3. PhidgetAccelerometer 3-Axis

La Kinect se compone principalmente de una camara RGB dedicada al
reconocimiento facial y la captura de video. También cuenta con un sensor
de profundidad, un proyector infrarrojo con camara VGA CMOS mono-
croma, un motor que gira la base y los micréfonos para reconocimiento de
voz. Permite el rastreo de usuarios y posee vision de profundidad, por lo
que es posible realizar un seguimiento temporal de la trayectoria tridimen-

sional de las articulaciones de un sujeto (Fig. 4).
CMOS color sensor
onemicrophone  status LED (for RGB imaging)
(downward facing)

three microphones
(downward facing)

three-axis
otensed accelerometer
tilting base

IR light CMOSIR
source sensor

used for 3D
depth sensing
Fig. 4. Sensor Kinect.
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La Kinect funciona proporcionando tres elementos de datos importantes
(Ver Fig. 5):
= Color Stream: Flujo de datos de imdgenes a color.
= Depth Stream: Flujo de datos de imagenes de profundidad.
= Skeleton Stream: Flujo de datos del rastreo de usuarios y esque-

letos.
Kinect
Hardware -
Kernel Color Depth ~ Skeletons Kinect Driver
Space ColorimageStream epthimageStrear ' SkeletonStream

V. 1 MS Kinect SDK

ColorimageFrame JepthimageFrame ' SkeletonFrame

User Width / Height i )
- BytesPerPixel i TrackingMode
space i ! SkeletonArrayLength "
P FosSe S : yiens Graphic User Interface
CopyPixelDataTo( byte[] ) CopyPixelDataTo( short | CopySkeletonDataTo( Skeleton]]) Windows Form Application - C#)

Fig. 5. Funcionalidad del SDK.

El SDK se encarga de proporcionar los drivers para gestionar estos flu-
jos y convertirlos en imagenes. Proporciona también las librerias de usua-
rio que permiten manipular estas imagenes en lenguaje de programacion.

El corazon del funcionamiento del SDK de la Kinect son los eventos. Si
se configura correspondientemente, cada vez que el SDK recibe de los flu-
jos de datos de la Kinect suficiente informacion como para formar un fra-
me (generalmente una imagen), produce una interrupcion que alerta a la
aplicacion de que dicho frame esta listo para tratarse. Estos eventos se pro-
ducen a una velocidad de 30 frames/segundo, por lo que permite una alta
interactividad. Principalmente, existen tres tipos de eventos de este tipo, de
acuerdo a los tres tipos de flujos de datos (Fig. 6).

= Color Frame Ready: Es el evento encargado de la imagen
capturada por la cdmara RGB en el espectro visible.

= Depth Frame Ready: Es ¢l evento encargado de la imagen de
profundidad compuesta por el rebote de las constelaciones del
proyector laser capturado por la cdmara VGA en los infrarrojos.
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= Skeletal Frame Ready: Es el evento que ofrece la matriz de
esqueletos correspondientes a los usuarios detectados, que po-
seen a su vez la matriz de puntos de la localizacion de sus arti-
culaciones.

Fig. 6. Imagenes de los flujos de datos.

Skeletal Frame Ready

Cada esqueleto se compone de una matriz de 20 “JointPoints”, una estruc-
tura que identifica por separado cada articulacion y que guarda informa-
cion referente a la posicion espacial de dicha articulacion asi como el mo-
do en que ha sido capturada. La Fig. 7 muestra la estructura del Skeleton
Frame y la Fig. 8 las articulaciones detectadas.
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? FloorClipPlane

FrameNumber
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@
@
@
@
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Fig. 7. Informacion del Skeleton Frame
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KINECT skeletons Joints

Fig. 8. Articulaciones detectadas.

4.1 Aplicacién

La aplicacioén consta de una base de datos jerarquizada que permite confi-
gurar y almacenar datos sobre los pacientes, las sesiones y las pruebas/tests
llevadas a cabo con cada uno de ellos. Permite un alto grado de configura-
bilidad en funcion de las pruebas a realizar. Ademas permite la generacion
de informes de los pacientes y evaluar su evolucion a lo largo del tiempo.

La Fig. 9 muestra el interfaz de prueba/test.
Knect viewers (7] Sikeleton Viewer [7] Pintar Plemas | Visor 2D | Visor 30 Prucha orabada

Start Prueba

<< Validar Prueba

Max: 882554 Min: 136,333

Fig. 9. Interfaz de pruebas.
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4.2 Tipos de Movimientos

Los movimientos articulares que se pretenden registrar y evaluar, son:
a)  Flexion-Extension: Los movimientos de flexion-extension

se producen en el plano sagital (Fig. 10).
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o 1
B —f T |
mediolateral \
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2 | ‘yl ; ( i
! 1 | /
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{ Y|
| | / | [z N
W W W\
| \ / / - \
| \ 3
| < ) :
-4 Posicion Neutra Movimiento de Movimiento de
;f‘\f-, Flexion Extension

Fig. 10. Movimientos de Flexion-Extension.

El sistema de referencia utilizado es el estandar de la goniometria, en el
que de la posicion neutra es aquella indicada por el brazo en reposo (posi-
cion 0).

b)  Abduccion-Aduccion: Los movimientos de Abduccion-
aduccion se producen en el plano coronal. Se utiliza el sistema de referen-
cia propuesto por la goniometria, que indica que el angulo 0, corresponde
con la pocién neutra, en la que el brazo se encuentra en posicion de reposo
(Fig. 11).
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Fig. 11. Movimientos de Abduccién-Aduccion
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C)  Rotacion interna-externa:

Posicion
Neutra

Movimiento de
Rotacion Interna

CANCER DE MAMA 165

Movimiento de
Rotacién Externa

Fig. 12. Movimientos de Rotacion Interna-Externa.

4.3 Pruebas/Tests

Con el objetivo de estudiar si existe algin tipo de alteracion en el patron

muscular en los movimientos de

flexion-extension, de abduccion-

aduccion y de rotacion externa-interna del hombro se van a realizar una
serie de 4 tests sobre el hombro afectado de manera que por cada sesion, se
hayan extraido todos los datos indicados. De esta forma se requeriran a las
mujeres tanto contracciones concéntricas como isométricas en diferentes
grados de amplitud para obtener las cualidades electromiograficas del pa-

tron muscular.

La Fig. 13 muestra el interfaz de configuracion de estas pruebas.

Maovimiento: Abduccidn-Aduccidn

Hombro: lzquierdo -

Prueba a realizar:
© P13 or2 63
GRER' © s KF

Escriba un ASUNTO para
la prueba a realizar:

Irformacion

de Iz prusba seleccionada | de |a sesidn |

Realizar Prueba >>

e anipmposencr

Descripcion de la prueba seleccionada:

Separacidn del miembro superior
resistido con el dinanometro a 0 grados
de amplitud articular.

Tres repeticiones con 10 segundos de
descanso.

’ Ver Configuracion de la Prueba ]

Fig. 13. Informacion de configuracién de pruebas.
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4.4 Generacion de Informes

Una vez realizadas las pruebas, se generaran informes con la siguiente
informacion:

e (Qraficas de la evolucion temporal de la amplitud articular, de la
velocidad de movimiento y de la fuerza de la articulaciéon bajo
estudio.

e Representacion de gréficas fasoriales amplitud-velocidad-
fuerza articular.

e Representacion 3D del esqueleto realizando los movimientos.

e Tablas con los datos guardados y el instante de tiempo.

La Fig. 14 muestra un ejemplo de las curvas generadas en un caso de es-
tudio de TEST 1 para el moviento de abduccién-aduccion del hombro iz-

quierdo. La Fig. 15 muestra la curva velocidad/angulo.
| e e o=

Pacientes Prucbes Ver Configurar  Evaluadores  Ayuda
INFORMES
Prucba cargada:  B6818516:P1 - Abcuccién Aducciénlzquierdo e
Cargar Detos de los Pruebas
GUARDAR CAMEIOS EN INFORME || A e
Graficas | Observaciones y Detalles | Tablas de datos | Tabla Esqueleto
Leyenda Esqueleto
Nombre de la ol Valor actual Valor actual Vlor mé Vialor mi Valor méimo Valor mirimo 0 [
Gréfica er sorscual velocidad sormaamo serminme velocidad velocidad
Kinect] Abduscio 1442 85,63 11482 24 46 14417 21285
taceel] Apcuccic... [N 5 7 208 13 e 269214 20059
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Fig. 14. Grafica de TEST 1 para abduccion-aduccion del hombro izquierdo.
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Velocidad/Angulo:

Fig. 15. Curva velocidad-angulo.

5 Conclusiones y Trabajos Futuros

Este trabajo presenta un sistema de valoracion analitica y funcional de ex-
tremidades superiores de muy bajo coste basado en el sensor Kinect y ace-
lerémetros. Actualmente dicho sistema se estd utilizando para estudiar la
valoracion funcional de extremidades superiores (principalmente hombro)
de mujeres tratadas de cancer de mama por parte del Grupo de Investiga-
cion en Fisioterapia en los Procesos de Salud de la Mujer del Departamen-
to de Fisioterapia de la Universidad de Alcala.

En cuanto a trabajos futuros se pretende desarrollar un sistema robotiza-
do para abordar ejercicios de recuperacion de la articulacion del hombro.
Estos estarian encaminados a favorecer un correcto movimiento del mis-
mo, integrando informaciones sensitivas y motoras a través del sistema
nervioso central.
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DESIGN AND KINEMATIC ANALYSIS OF AN
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In this work the concept of a needle insertion surgery robot is presented.
The mechanism is intended to constraint the needle to the correct insertion
path. The mechanism is composed by a spherical parallel manipulator
(SPM) 3PSS-1S coupled to a 3RRR serial kinematic chain. The serial kin-
ematic chain provides the positioning of the wrist, while the desired orien-
tation is reached by the state of the spherical parallel manipulator. This
kinematic decoupling property is exploited in order to find the inverse and
direct kinematics of the robot.

The different configurations solutions for the inverse kinematics are in-
troduced. The workspace and details of the implementations of the final
prototype are described.

1 Introduction

Contemporary medicine is toward less invasive and more localized therapy
(Vierra, 1995), mainly known as Minimally Invasive Surgery (MIS). One
of these procedures is the percutaneous insertion of needles and catheters
for biopsy, drug delivery and the placement of internal fiducials as surro-
gate for tumor location within the body.

Needle insertion intervention offers several advantages over traditional
surgery, including less scarring, lighter anesthesia, reduced postoperative
pain, reduced complications, and faster discharge from the hospital.

Currently, the conventional needle insertion procedure is a free-hand
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task with no exact reference for the entry point nor the direction of the
needle. This is because the planning insertion process is based on the
recognition of markers that the surgeon must place over the patient during
the imagining session for trajectory planning. This methodology lacks ac-
curacy and it is very common to make several erroneous insertions until
the needle reaches the desired target, which may lead to internal hemor-
rhage and severe complications.

Robotic technologies can enhance the effectiveness of clinical proce-
dures by coupling many information sources, such as volumetric medical
images and perform complex actions in the operating room as reported in
(Kazanzides, 2008) (Fichtinger, 2008) (Hager, 2088) (Camarillo, 2004)
(Navarro, 2010). Particularly, a robotic device can insert needles with con-
sistent accuracy and can overcome some of the shortcomings of the manu-
al approach as mentioned in (Podder, 2005) (Podder, 2007) (Boctor, 2008)
(Salcudean, 2008) (Hata, 2005) (Kronreif, 2006).

In this work we introduce the concept of a novel hybrid (serial—parallel)
robotic arm for needle insertion guidance. The spherical parallel wrist is an
improved version of the 3PSU-1S manipulator, whose dimensional synthe-
sis was first reported in (Puglisi, 2012). A discussion on the design and
main attributes of the robot is presented. Then, the inverse and forward
kinematics is detailed. Finally, the implementation of the prototype is pre-
sented remarking the details of its construction.

1.1 Needle Insertion Task Requirements

During an insertion procedure, the surgical instrument must maintain a
pre-planned path, defined by two points: the target point and the entry
point. The first one is where the tip of the instrument must reach, and the
last one is where the needle is inserted into the patient (see Fig. 1(a)). The
latter one is selected in order that the desired path of insertion does not
interfere with organs nor bones.

The insertion procedure can be summarized in the following steps. First,
the tip of the needle must be placed at the entry point. This task requires 3
DoF (see Fig. 1(b)), then the needle must be aligned with the desired path,
requiring at least 2 more DoF (see Fig. 1(c)). Once that the needle is cor-
rectly placed and aligned with the desired path at the entry point, the inser-
tion procedure begins, generally with a twisting movement of the needle
(see Fig. 1(d)).

Therefore, if the insertion is performed manually, a robotic device im-
plemented as a guidance tool (i.e. it keeps the position and orientation)
only requires 5 DoF. However, if the insertion procedure is performed au-



DESIGN AND KINEMATIC ANALYSIS OF AN HYBRID ROBOT FOR NEEDLE
INSERTION PROCEDURE 173

tonomously by the robot, it is preferable an additional DoF for the mecha-
nism, since with 5 DoF only one reachable configuration is possible for
each point of the desired path, resulting in a screw-like movement during
insertion.

/— Instrument
Desired path—\

f 3 DoF Translation

Target pomf

(a) (b)

Additional DoF /
Insertion

2 DoF Orientation

(c) (d)
Fig. 1. Insertion procedure. 1(a): Trajectory definition. 1(b): Instrument’s posi-
tioning. 1(c): Instrument’s orientation. 1(d): Instrument’s insertion.

2 Hybrid Kinematic Chain Robot

A robotic assistant must be carefully designed, in order to be accurate as
well as rigid. Parallel mechanisms offer these physical properties, and
some authors have proposed them for the robotic needle insertion guidance
(Shoham, 2003) (Nakano, 2009) (Raoufi, 2008). However, the main draw-
back of a parallel mechanism is their reduced workspace. Although serial
mechanisms overcome this problem (Li, 2010), they present a real chal-
lenge in order to actuate the last DoFs of the mechanism without introduc-
ing backlash (due to the transmission system) or excessive load (direct
transmission) at the end effector.

Therefore a better approach would be a design with a decoupled kine-
matic composed of a serial chain designed for the positioning and a low
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weight parallel wrist designed for orientation. The concept of this hybrid
mechanism is presented in Fig. 2. As it was mentioned above, the mecha-
nism consists of two main parts: the 3R serial arm and the spherical paral-
lel manipulator (SPM).

The arm is mounted over a non-actuated sliding base that permits a
gross positioning of the mechanism. A holding device supports the instru-
ment at the end effector.

Spherical wrist

Supporting structure

Fig. 2. Hybrid mechanism approach for robotic guided needle insertion.

3 Kinematic Modeling

3.1 Kinematic Decoupling

The decoupling kinematic method can be applied to those mechanisms
whose last joints axes intersect at a common point, usually named the cen-
ter of the wrist P,, and allows decoupling the kinematic problem into a
positioning problem of the P, and an orientation problem of the EF. The
first joints are associated to the positioning problem and the last joints to
the orientation problem.

Let consider the core structure of the prototype, and attached a fixed
frame O,,. at the base of the mechanism, and a moving frame P, to the
end effector (EE) as shown in Fig. 3.

The relative orientation of the moving frame to the fixed frame is given
by the rotation matrix °Rp = [u; v; w], where u, v, w are the direction co-
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sines of the orientation of EE expressed in the fixed frame. The center of
the wrist P,, is located at the intersection center of rotation of the SPM and
can be expressed as equation (1), where L is the distance from the wrist of

the mechanism to the tip of the EE.
P, :P_Lefﬁ" (1)

Given the position of the wrist and the orientation of the EE, there are
two problems to be solved:
(1) Position Problem. Given P,, the state of the first joints must be
found.
(2) Orientation Problem. The state of the SPM must be found, in order to
achieve the desired orientation of the EE. Therefore, the SPM must pro-
vide the orientation given by equation (2).

Rd456 = Rgl ORu'Uw (2)

Where R; is the contribution of the serial kinematic chain to the orienta-
tion of the EE, employed for the wrist's positioning.

Fig. 3. Schematic Diagram.

3.2 Inverse Kinematics

3.2.1 Inverse Kinematics of the 3R serial chain

Let consider the mechanism at any given configuration as shown in Fig. 4,
and attach a fixed reference frame O,,. at the base of the kinematic chain,
and assume that the position of the wrist P,, = [P,,, P,,, P,. ] is given by
equation (1).
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As it can be seen, the axes of action of the second and third joint are
parallel, then the movement of the wrist will be always constrained to a
plane, where the direction of the normal to this plane will depend of the
state of the first joint.

Fig. 4. Considerations for the kinematic analysis.

In order to simplify the analysis let’s consider the plane (2, that contains
the movement of link L, and the origin of the fixed frame O,,.. The pro-
jection of P, on the plane is given by Py, = [Py, Pow. J, and the projection
of points P,, and Py, on the plane z = 0, defines the triangle abc. Now, let’s
consider the top view of the mechanism shown in Fig. 5.

Fig. 5. Top view of the 3R kinematic chain.
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It is easily seen that the state of the first join can be found as:

[ 3
and it can be expressed in terms of the elements of the triangle abc as
equation (4).

6, = Atan2(P,,, P,,,) —sin™" ( 5

c/ (4)

where b=L; and:
_ 2 2
c= \/PwaD + Py, (5)

The state of the second and third joints can be found by considering the
2R serial kinematic chain conformed by link L, and the projection of link
L, on the plane [JQ. Hence, the state of the third joint is given by equation
(6).

P, 24+ P2 L% L*

_ 1w,
A3 = cos YA ©)
The state of the second joint is given by equation (7).
0y = Atan2(sin 0y, cos 65) (7
where:
. (LQ + L4 COS 03) R/u — (L4 sin 03) P{U
sinfy = AT 2
o — (da.sin@3) P}, + (La + Ly cosf3) Py,
cosfy = A )
and
A= L22 + L42 +2 LQ L4 CoS 03 (9)

The 3R kinematic chain will admit four possible configurations (see Fig.
6) defined by the angular relations summed up in Table 1.

Table 1. Possible configurations of the 3R Serial Chain.

0, 04 04 Configuration
-5 67 0 Elbow Left-up
65 0 Elbow left-down
S+B+m1 —05 —07 Elbow right- up

—05 -0 Elbow right - down
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Fig. 6. 3R Configurations.

3.2.2 Inverse Kinematics of the Spherical PM

The inverse kinematic problem of the SPM, can be easily solved by
considering;:

1. The extreme of link L; (i.e. B; = [B;, B;,, B;: ]) can only move over
the surface of the sphere {; with center in C; = [C;,, C;,, C;. ] and radius
L7 (see Fig. 7), given by (10):

(Bi, = Ci,)* + (B

2. B; corresponds with the distal extreme of the linear actuator, thus, B;
can only move over the line /; defined by (10), whose direction vector /; =
[0, 0, 1] is associated to the axis of the prismatic actuator.

it Bi=Ai+ A\l (11)

Ci, )’ + (Bi, — Ci)* = Lt (10)

by T iy

Equating (10) and (11), it can be demonstrated that B;, = 4;, and B;, =
A;, . Taking this result into (10), B,. can be found according to (12)

B;, =C; + \/L72 — (A, — )% = (A, - Cy) (12)

Even though (12) has two possible solutions B, and B', whether
choosing — or + sign, only B, is considered, since the B".. solution leads
to collisions between the link L; and the moving platform. This can be
seen in Fig. 7 where the distal extreme of L, (considering an ideal spheri-
cal joint with a full range of movement), points upwards for the B",. solu-
tion, and as a consequence L, (dashed green line) will collide with the end
effector.

Then, the state of the prismatic actuator is given by (13).

Ai=Bi. — A, (13)
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Fig. 7. Schematic wire representétion of the 3PSS-18. The triangular shade defines
the base and moving platforms. The Intersection of the spherical characteristic of
link L, and linear motion of point B; is presented in green.

3.3 Direct Kinematics

Let’s attach a reference frame O,,. at one end of the horizontal guide,
and let’s consider as the initial configuration the one presented in Fig. 8.
The position of the EE °P,;, expressed at the reference frame can be found
by equation (14).

Opef = Mjg Opgo + M, wLeTf( (14)

Where,

Mg =TI} M, (15)
is the overall screw displacement matrix associated to the movement of the
first three joints whose parameter are summed up in Table 2. OPwo = [Ly -
L;,-Lyy, L, + L, + L, + Ls, 1] is the position of the wrist at the initial con-
figuration expressed in homogenous coordinate referenced at Oy,.. Myys6 1S
the contribution of the parallel mechanism to the orientation of the EE ac-
cording to the state of the prismatic actuators d,, ds and ds. (See (Puglisi,
2013) for details). "L,y = [0, 0, Ly, 1] is the position of the EE at the initial
configuration expressed in homogenous coordinate at the reference frame
attached at the wrist P,,,. The orientation of the EE expressed at the refer-
ence frame O,,. is given by equation (16).
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°R = Rs Ry, (16)
Where, Rj; is the contribution to the orientation of the EE of the first
three joints, given by the elements of the first three row and first three col-

umns of the Mj. Ry 1s the contribution of the parallel mechanism to the
orientation of the EE.

Table 2. Screw’s parameters

Jointi  §; Spi S; 0, d;
1 $1  [Lyeo-Lyo, 0] [0,0,1] 6, 0
2 $5  [0,Lyo, L] [1,0,0] 6. 0
3 $5  [0,-Ly.LitL,] [1,0,0] 65 0

Fig. 8. Initial configuration. Definitions of screws associated to each joint.

4 Implementation

4.1 Construction Details

The prototype consists of a hybrid mechanism mounted over a passive
sliding base, which facilitates the gross position of the mechanism. As it
was mentioned previously, the hybrid mechanism is composed of a 3R
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serial kinematic chain for positioning the center of the wrist and a 3DoF
parallel spheric mechanism that gives the final orientation of the end effec-
tor. (See Fig. 8).

Most of the pieces are made of aluminum, except for those that must
support torques and efforts as the shafts and the supporting structure that
are stainless steel machined pieces. In order to eliminate friction and guar-
antee a correct alignment of the shafts, ball bearings and thrust needle roll-
er bearings are employed. The Sliding Base is composed of two sliding
elements with adjustable clearance mounted on a rail (DryLin RT Linear
Guide System) that permits a smooth motion in the 600mm range.

'

Fig. 9. Hybrid kinematic chain robot.

In order to minimize the weight of the mechanism at the end effector,
the actuations of the 3R serial chain are located near the base, forcing to
use a transmission system for the first and third joint of the mechanism as
detailed in Fig. 10.a. The transmission system consists of two parallel
shafts, each of them with a pulley attached to it, and a synchronous belt
that transfer motion from one shaft to the other. This system allows having
the actuation system (motor, gear, and encoder) at the base of the mecha-
nism and not at the location of the joint.

The actuation system for the joints of the 3R serial arm, is composed by
24V brushed DC Maxon R motor, Harmonic drive, and HEDM-550 opti-
cal encoder from Agilent Technologies.
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The optical encoders used for the 3R serial mechanism are relative sen-
sors, thus an initial calibration must be done every time the mechanism is
turn on. Therefore, three micro switches placed at specific location on the
mechanism are employed as end of carrier sensor, providing a correlation
of the counts of the encoders and the initial configuration of the mecha-
nism.

The dimensions of the spheric wrist were taken and adapted from a pre-
vious analysis for a 3PSU-1S spheric wrist (Puglisi, 2012).

The challenge for the 3PSS-1S spheric wrist was to find a spheric joint
that didn't limit the behavior of the mechanism. A very simple way to
achieve it is to adapt a commercial available universal joint, by allowing to
rotate freely at its location along its normal axis (see Fig. 10.b).

2nd joint f
Drive Shaft 5

4
<A A

Moving Platf
oving Platform Ball Bearing

Pulle7 \\ .
Z Coupling Axis
3rd joint N

Parallel Shaft

3rd joint

Drive Shaft Universal Joint

Actuation System

(@) (b)
Fig. 10. Construction details.

For the spheric mechanism, 3 Linear DC-Servomotors LM 1247 080-01
of Faulhaber were used. These linear motors are provided with hall sensors
that allow ultra low speeds and high positioning resolution (1/3000 pole
pitch), thus no additional encoder is needed. The linear motor is composed
of a magnetized rod that slides inside a controlled magnetic field, provid-
ing a controlled linear motion that can freely rotate over its axis of action.
This characteristic is advantageously used for the adaptation of the univer-
sal joints placed at the end of the rod of the linear motors.
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4.2 System Architecture

In order to control the Maxon motor, a six axes Galil motion controller
DMC-2163 with 3 four-quadrant DC Servoamplifier ADS 50/550/5 of
Maxon, connected via Ethernet is used. Three MCLM 3003/06 C external
motion controller with CAN open interface are use in order to control the
linear motors. These motion controllers are connected to the dedicated PC
via an USB-CAN IXXAT converter. The schematic diagram of the system
architecture is presented in Fig. 11.

l
b
#

0

Fig. 11. Hardware architecture of the robotic arm.

5 Conclusion and discussion

In this work, the concept for a needle insertion surgery robot intended to
assist and guide the needle during a needle insertion surgery is summed up.
The prototype consists of a hybrid mechanism: a 3R serial kinematic chain
for positioning its wrist, and a 3PSS-1S spheric parallel mechanism for the
orientation of the EE. This mechanism provides of 6DoF movement plus
and additional sliding based that allows a first gross setup. The mobility of
the mechanism is redundant for the task, since only SDoF are required.
However, this redundancy allows to deal with the reduced workspace of
the spherical wrist, avoid its singularities and provide multiples configura-
tions of the mechanism for the same path of insertion.
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PARA LA ASISTENCIA EN ACTIVIDADES
COTIDIANAS DE PACIENTES TRAS SUFRIR UN
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JAVIER ROJO', JOSE M. COGOLLOR', MATTEO PASTORINO?
ALESSIO FIORAVANTIE’, JOSE BRENOSA', MARIA TERESA
ARREDONDO?, MANUEL FERRE', RAFAEL ARACIL', JOSE MARIA
SEBASTIAN Y ZUNIGA'

! Centre for Automation and Robotics CAR (UPM-CSIC), José¢ Gutiérrez
Abascal 2, 28006, Madrid, Spain: javier.rojo.lacal@upm.es,
jm.cogollor@upm.es, jose.brenosa@upm.es, m.ferre@upm.es, ra-
fael.aracil@upm.es, jsebas@etsii.upm.es.

2 Life Supporting Technologies, ETSIT-UPM, Avda. Complutense 30,
Madrid, Spain: mpastorino@Ist.tfo.upm.es, afioravanti@Ist.tfo.upm.es,
mta@Ist.tfo.upm.es.

Segun la Organizacion Mundial de la Salud cada afio 15 millones de per-
sonas sufren un accidente cerebro-vascular. Aproximadamente un 33%
sufren, tras este suceso, algin tipo de discapacidad permanente (MacKay
and Mensah, 2004). Este articulo se centra en describir el disefio e integra-
cion de un sistema cuyo principal objetivo es proporcionar rehabilitacion
cognitiva a pacientes que sufren discapacidad tras sufrir un accidente cere-
bro-vascular.

El nivel de dependencia de dichos pacientes implica un presupuesto
cuantioso siendo necesario que estén supervisados y ayudados por un tera-
peuta.

El sistema de rehabilitacion cognitiva permite que estos pacientes no
dependan de la estancia en el hospital o centro de rehabilitacion, donde
generalmente la rehabilitacion y alta médica se limitan al aspecto fisico,
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permitiendo que la rehabilitacion se pueda trasladar a la vivienda del pa-
ciente en un ambiente mas familiar y cercano. Dicho sistema cumple la
funcion de terapeuta virtual interactuando con el paciente informéandole
sobre los errores cometidos y como corregirlos. Esta informacion se visua-
liza a través de una pantalla en la cual se le muestran ayudas, mensajes de
texto y/o animaciones, que también pueden ser transmitidas a través de un
reloj inteligente como medio de interaccion con el paciente en caso de ser
necesario.

Para que el sistema detecte los errores cometidos, el sistema tiene que
procesar en tiempo real cierta informacion relevante que se adquiere del
escenario por medio de sensores (de fuerza y aceleracion) colocados en los
objetos que el paciente utiliza para realizar la tarea en cuestion y por cama-
ras.

El desarrollo de este sistema para rehabilitacion cognitiva se enmarca
dentro del proyecto europeo CogWatch, coordinado por la Universidad de
Birmingham. Actualmente, se encuentra en la fase de evaluacion del pri-
mer prototipo con el que se estan realizando las primeras pruebas tanto
técnicas como con pacientes.

1 Introduccién

Un reciente estudio realizado en Espafia cifra la tasa de incidentes de even-
tos cerebrovasculares en sujetos de 18 afios 0 mas en 186,96 casos por ca-
da 100.000 habitantes y afio. Este estudio ha dado estimaciones muy ro-
bustas pues se carecia de estudios acerca de la incidencia de ictus en Espa-
fla con grandes denominadores sobre la poblacion. Ademas dicho estudio
ha concluido un aumento significativo de las cifras de incidencia en los
proximos afios debido al progresivo envejecimiento poblacional (Diaz-
Guzman et al., 2012).

Existen dos tipos principales de accidentes cerebrovasculares en funcion
de su etiologia: Los mas comunes son los que tienen como causa la obs-
truccion, conocidos como isquemia y, en segundo lugar, se producen los
accidentes causados por la fuga de sangre en el tejido cerebral, conocido
como hemorragia. La isquemia esta clasificada por la forma en que el blo-
queo se ha producido. Un coagulo que se forma en una region del sistema
circulatorio fuera del cerebro puede viajar a través de los vasos sanguineos
y obstruir una arteria del cerebro. Este coagulo libre se llama émbolo y
comunmente se forma en el corazon. Cuando una isquemia es causada por
un émbolo es conocido como accidente cerebrovascular embodlico o embo-
lia. Por otro lado, en el caso de la aparicion de coagulos de sangre en una
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arteria del cerebro, que permanecen fijos en la pared de la arteria, hasta
crecer lo suficiente como para bloquear el flujo de sangre a través de esta,
el episodio es denominado accidente cerebrovascular tromboético. La dis-
tinta naturaleza de las causas se traduce en una gran incidencia de casos.

Los datos publicados por la Organizacion Mundial de Accidentes Cere-
brovasculares indican que una tercera parte de las personas que han sufrido
un accidente cerebrovascular padecen, tras este suceso, algin tipo de dis-
capacidad por la pérdida de facultades motoras o cognitivas que les impi-
den la practica de actividades cotidianas (World Stroke Organization -
Home, n.d.).

Por lo general, los profesionales de la salud reconocen que el plazo de
atencion al ictus es tipicamente corto, el hospital a menudo se basa y cen-
tra en la rehabilitacion fisica en lugar de la rehabilitacion cognitiva. Inde-
pendientemente de su estado funcional, los pacientes son dados de alta con
frecuencia por motivos fisicos con el supuesto de que la rehabilitacion
cognitiva, de ser necesaria, continuard en casa del paciente.

Sin embargo, los métodos actuales de tratamiento se ven obstaculizados
por diversos motivos como pueden ser la falta de reconocimiento de la
prevalencia y el impacto de la enfermedad, la falta de recursos de los tera-
peutas y las pruebas limitadas de una terapia eficaz en la que basar el tra-
tamiento.

Entre las posibles secuelas que pueden derivar de un ictus, se pueden
destacar dos fenomenos comunmente asociados y que imposibilitan, en
gran medida, la realizacion de actividades cotidianas (Liepmann, 1908) y
(Hermsdorfer et al., 2003). Estos fenomenos son la Apraxia y el ADS (por
sus siglas en inglés, Action Disorganization Syndrome) que se definen
como:

e Apraxia: Un trastorno neurologico de la capacidad de
movimiento intencional aprendido que no se explica por los
déficits en el sistema motor primario o en los sistemas senso-
riales (Rothi y Heilman, 1997).

o ADS: Errores cognitivos al realizar tareas que se confor-
man de multiples pasos (Morady y Humphreys, 2009).

El sistema propuesto tiene como objetivo servir de gran ayuda a pacien-
tes que han sufrido un accidente cerebro-vascular, algunos de los cuales
padecen secuelas como pueden ser Apraxia o ADS durante la ejecucion de
tareas cotidianas para asi garantizar su independencia y descargarles de sus
sucesivas visitas al correspondiente hospital y/o centro de rehabilitacion.

Los pacientes que sufren estos sindromes, a pesar de mantener sus habi-
lidades motoras, cometen errores cognitivos durante tareas cotidianas que
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antes realizaban de una forma automatica. Los pacientes suelen cometer
errores de omision al realizar una tarea.

En el siguiente capitulo se presenta una vision general del sistema pro-
puesto y el modo en que se ha enfocado el problema que supone la rehabi-
litacion cognitiva. En las secciones 3 y 4 se describira la arquitectura gene-
ral del software, su metodologia de disefio y la experiencia que presenta al
usuario final. Posteriormente, en la seccion 5, se describe el estudio reali-
zado para la evaluacion técnica del primer prototipo del sistema. Finalmen-
te la seccion 6 presenta las conclusiones obtenidas de la evaluacion técnica
y las futuras mejoras en base a los resultados obtenidos.

2 Hacia la rehabilitacion cognitiva

Dicha rehabilitacion se pretende que sea personalizada y en la propia casa
del paciente.

Esta claro que las tareas que un ser humano realiza en su vida diaria son
de diversos tipos y de distintos niveles de complejidad. Asi, se puede decir
que las tareas que un ser humano desarrolla de forma cotidiana se clasifi-
can en cuatro clases generales: preparacion de comida, preparacion de be-
bida, aseo y vestimenta.

Durante el tiempo de vida y de desarrollo y de la evaluacion del sistema,
se elegird una tarea de cada clase mencionada anteriormente como apro-
piada y representativa de proporcionar rehabilitacion. Actualmente se esta
trabajando en la tarea de preparacion de un té, la cual se enmarca dentro de
la clase "preparacion de bebida".

Para proporcionar la rehabilitacion, el sistema se compone de una serie
de dispositivos inteligentes que permiten proporcionar una sesion de reha-
bilitacion de forma remota sin la necesidad de la presencia de un terapeuta.

Sin embargo, para que el sistema tenga el efecto que se persigue, no so-
lo se deben escoger los dispositivos adecuados sino que es imprescindible
entender la ejecucion de la tarea a realizar en la rehabilitacion ya que el
sistema se puede asemejar a un terapeuta virtual, por lo que debe tener la
capacidad de saber cuando existe o no un error, debido a que distintos in-
dividuos pueden ejecutar la tarea de forma distinta pero logrando el objeti-
vo final.

Por tanto, la tarea debe ser analizada en detalle y descompuesta en su
mas bajo nivel. Y es que, en términos generales, al seleccionar una tarea en
concreto, ésta se debe subdividir y ramificar en diferentes acciones basicas
las cuales deben ejecutarse secuencialmente aunque no siempre en un or-
den especifico. Esta técnica se debe a Cooper y Shallice (Cooper & Shalli-
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ce, 2000) y se basa en la idea de que segmentar las tareas garantiza que
ésta puede realizarse de diferentes formas si se conocen las acciones basi-
cas que la componen. (Ver Fig. 1)

Coffee

Prepare instant coffee

*—u._
I
*—-..

Sugar into l:o[l'ee Milk into coffee (‘rmd's into coffee
Add sugar Add sugar Add milk Add coffee Add coffee
From packet From bowl From carton From jar From Packet
A
T
Hold Discard Close Transfer Dip spoon Empty spoon
i
Pick Up Pur Down Tgar Unu rew Se r&w Pour Dip Spoon Empiy Spoon
[ 3 L ] [ ] [ ]

Fig. 1. Arbol de acciones ba51cas para preparar café

Esta técnica es muy relevante por dos motivos: en primer lugar, si una
misma tarea puede realizarse de formas distintas, no es necesario imponer
al paciente un orden especifico por lo que se le permite mayor libertad y
posibilidades en sus formas de proceder; y en segundo lugar, el sistema
pueda adaptarse al mismo tiempo para utilizarse en diferentes tareas ya que
existen muchas acciones compartidas por diferentes actividades incluidas
en una misma clase, es decir, muchos de los movimientos que se realizan
para preparar un té se encuentran también si se desea preparar cualquier
otra bebida.

Desde el punto de vista de obtener algiin tipo de diagnosis mediante el
sistema, la segmentacion de la tarea también puede ayudar a conocer en
qué acciones y movimientos especificos el paciente presenta mas dificulta-
des.

Como ya se ha mencionado anteriormente, la rehabilitacion se precisa
que se lleve a cabo en casa del propio paciente para que éste se sienta mas
comodo y en un lugar totalmente familiar y cercano. Existen algunos estu-
dios en los cuales se demuestran las ventajas de proporcionar rehabilita-
cion doméstica, (Gamberini, 2002) y (Scopelliti, 2005).

Para ello, el sistema se compone de tres modulos principales: objetos
instrumentados que el paciente usa para realizar la tarea en cuestién, un
reloj que vibra al cometer ciertos errores y finalmente, un moni-
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tor/monitores para advertir al paciente de sus errores e indicarle como co-
rregirlos. (ver Fig. 2)

Objetos y dispositivos de interaccion

Procesamiento Supervision médica
de sefial

Rehabilitacion

Fig. 2. Arquitectura general del sistema

Adicionalmente, se utilizan dispositivos de video, como, por ejemplo,
Kinect™, los cuales sirven para monitorizar la ejecucion de la sesion y a
partir del procesamiento de imagen obtener la posicion de las manos del
paciente para su posterior estudio y evaluacion.

Cabe destacar que los objetos instrumentados son los mismos que el
propio paciente usa diariamente como pueden ser cucharas, teteras o jarras
de agua. De esta manera se garantiza que el paciente se sienta en un en-
torno familiar y conocido mediante el uso de sus propios objetos y no se
tenga que recurrir a implantar hardware adicional especifico en su casa que
aumente el coste de instalacion.

Como el sistema deberd garantizar en el futuro que las necesidades del
paciente sean satisfechas, teniendo en cuenta las diferentes clases de acti-
vidades mencionadas, es preciso disponer de componentes que aseguren la
flexibilidad y portabilidad del prototipo. En este caso se ha utilizado un
ordenador "All-In-One" y, alternativamente, un sistema soportado por "ta-
blets", que el paciente puede transportar a lo largo de las diferentes habita-
ciones requeridas (ver Fig. 3). Estas no suponen un coste muy elevado ya
que es cada vez mas comin su presencia en nuestras casas. El ordenador
"All-In-One", al llevar una CPU integrada en el propio monitor, garantiza
ergonomia y uso practico al poder servir al mismo tiempo de pantalla de
television.
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Fig. 3. Disefio conceptual del sistema instalado en la cocina

La principal funcion de estos monitores es proporcionar al paciente una
serie de ayudas segun el nivel de riesgo del error cometido. Estas ayudas
se pueden clasificar en: semanticas, donde la informacion del error es en-
viada en forma visual, sensomotriz o auditiva, y dinamicas, las cuales pro-
porcionan informacién mas precisa de como se puede corregir el error.

Este tipo de ayudas las podemos encontrar en nuestro entorno dia tras
dia, solo hay que pensar en el objetivo de los semaforos. El término de
ayuda (en inglés "cue") se define como informacion externa relevante a la
ejecucion de un movimiento (Horstink et al., 1993). En general, las ayudas
se dividen en fuentes de informacion de distinto tipo tanto espacial como
temporal. Las primeras proporcionan informacion acerca de hacia donde
dirigir el movimiento mientras que las temporales informan acerca de
cuando realizarlo.

A partir de la clasificacion anterior, si el objetivo es agarrar un objeto,
como por ejemplo la tetera para echar agua en la taza, se hace necesario
obtener informacion sobre el comportamiento de dicho objeto para propor-
cionar ayudas sobre todo espaciales, para indicar hacia donde debe dirigir-
se dicho objeto en caso de que el paciente haga un mal uso del mismo. De
ahi que los objetos que el paciente utiliza estén instrumentados con acele-
rometro y sensores de fuerza para enviar su posicion y la forma en la que
estan siendo manipulados al procesador central del sistema situado en el
propio ordenador "All-In-One".
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Ademas de la importancia de estos monitores sobre su interaccion con el
paciente para guiarle en la rehabilitacion, cabe destacar su relevancia al
proporcionar un canal de comunicacion con el terapeuta o clinico, el cual
dispone también del hardware y software especializado para supervisar
remotamente la sesion de rehabilitacion y almacenar toda la informacion
que estime oportuna para la evaluacion. Mas aun, el clinico tiene la posibi-
lidad de personalizar la interfaz correspondiente, programar sesiones, ac-
ceder a su historial y evaluar la eficacia del sistema. Toda esta informacion
se recogera en una base de datos local encriptada conforme a las leyes de
privacidad y proteccion de datos.

Finalmente, es preciso destacar la participacion de expertos en el area
para asegurar la eficiencia del sistema. Como se puede observar, la implan-
tacion del mismo engloba aspectos tanto técnicos como médicos. Por este
motivo, se han tenido que llevar a cabo diversos cuestionarios y entrevistas
para conocer la opinion de los profesionales en el sector de la rehabilita-
cion doméstica y sobre todo, para tener claros los requisitos que el sistema
debe cumplir desde el punto de vista de interaccion con el paciente.

Entre la informacion precisada se puede destacar tanto experiencias pa-
sadas con pacientes que han sufrido este tipo de enfermedades como opi-
niones personales acerca del impacto que este sistema propuesto tendra en
la vida del paciente y su posible adaptacion al sistema de rehabilitacion.

Evidentemente, el sistema debe permitir al paciente que se sienta, en la
medida de lo posible, igual de tranquilo y con la misma confianza que si
estuviera con el terapeuta.

3. Arquitectura general del sistema

Una vez establecidas las bases para la utilizacion y la instalacion del sis-
tema, en esta seccion se definen los detalles técnicos de la plataforma, con
particular atencién a la arquitectura general (ver Fig. 4). El sistema se
compone de dos subsistemas principales, un sub-sistema cliente (CCS) y
un sub-sistema Servidor (SS).
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Fig. 4. Arquitectura principal del sistema

3.1. Sub-sistema cliente (CCS)

El CCS, ubicado en la casa del paciente, tiene como principal foco la ad-
quisicion de datos durante las sesiones de rehabilitacion, bien a través del
uso de los objetos sensorizados o bien a través de la interfaz grafica de
usuario. El CCS Gestiona los datos de los pacientes y envia los resultados
de las sesiones de rehabilitacion al personal sanitario responsable de la
evaluacion de las sesiones.

Por un lado, como se ha anticipado anteriormente, el CCS esta com-
puesto por una serie de dispositivos que se usan para capturar y analizar el
comportamiento y el rendimiento de la actividad de los pacientes. Estos
dispositivos se dividen en dos categorias para: monitorizacion y guiado de
los pacientes durante las sesiones.

Los dispositivos de monitorizacion incluyen los sistemas basados en la
vision y los objetos sensorizados que se utilizaran durante la ejecucion de
las sesiones de rehabilitacion. La Tabla 1 contiene la descripcion de los
sistemas de monitorizacion usados.
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Tabla 1. Descripcion de los sensores

Sensor Descripcion

Microsoft Kinect™ Dispositivo que se encarga de la adquisicién de la infor-
macién relativa a las manos del paciente, el movimiento
de las mufiecas y graba el video general de la ejecucion
de la tarea.

Objetos sensorizados  Objetos de uso cotidiano equipados con acelerometros y
sensores de presion usados para capturar la interaccion
del paciente y recoger datos para el reconocimiento de
movimientos.

Los objetos sensorizados utilizados en esta primera version de la plata-
forma estan relacionados con la tarea de preparacion de un té, y, en parti-
cular, se enumeran a continuacion:

. Tetera.

. Taza.

e  Jarra de leche.

e  Jarra de agua.

Ademas, otros objetos no sensorizados por causa de su naturaleza fun-
gible o su reducido tamafio necesarios para realizar dicha tarea son:

. Azucar.

e  Bolsitas de té.

e  Cuchara de té.

e  Dos cuencos para depositar las bolsas de té (antes y después de su
uso)

Los objetos se colocan en una posicion inicial especifica (ver Fig. 5),
con posiciones fijadas a priori con el fin de dar facilidad al paciente a la
hora de configurar una nueva sesion. Ademas, se utilizan posiciones fijas
para poder detectar el uso y el movimiento de los objetos a través del sen-
sor Kinect™.
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Los dispositivos que se usan para guiar a los usuarios son un reloj inte-
ligente con capacidad de vibracion y un ordenador "All-In-One" denomi-
nado VTE (Virtual Task Execution) usado para la ejecucion de las tareas.
En la Tabla 2 se puede encontrar una descripciéon mas detallada de estos
dispositivos.

Tabla 2. Descripcion de los dispositivos de guiado

Dispositivo Descripcion

Reloj inteligente Este dispositivo tiene la funcionalidad de vibrar en el caso
en que se detecte un error por parte del paciente durante la
sesion de rehabilitacion.

VTE Es un ordenador del tipo All-in-One con funcionalidades
tactiles para proporcionar a los pacientes las ayudas corres-
pondientes para la correccién de los errores cometidos y el
guiado durante las sesiones de rehabilitacién. Ademas aloja
los algoritmos para recoger, procesar y guardar todos los
datos que proceden de la sesion de rehabilitacion.

Como se ha descrito en la tabla anterior, el VTE aloja los mddulos de
software del CCS, encargados de recoger y procesar la sefal recibida de
los sensores, ademas de guardar los resultados de la sesion y sus estadisti-
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cas en la Base de Datos. La Tabla 3 contiene los detalles de los mddulos

software del CSS.

Tabla 3. Mddulos software del CCS

Moédulo

Descripcion

Gestor de informa-
cion

Planificador

Repositorio VTE

Algoritmos de pre-
diccion e identifica-
cion

Mddulo de comuni-
cacion

Esta a cargo del tratamiento de los datos cuando se detecta
un evento, aportando l6gicas basadas en prioridades al fin
de evitar que el sistema se colapse.

Médulo encargado de la gestion de los planes de rehabili-
tacién.

Es la base de datos encargada del archivo de los datos
procedentes de las sesiones de rehabilitacién ejecutadas.

El sistema debe reconocer de forma automatica en qué
etapa de la ejecucién de la tarea se encuentra el paciente,
para estimar si la tarea se ha ejecutado de forma correcta y
proponer las consiguientes ayudas en caso de error. Estos
algoritmos tienen como entrada los datos del sensor Ki-
nect ™ y de los objetos sensorizados.

Es el modulo encargado de la comunicacién entre la CCS
y la SS. Contiene algoritmos de criptografia para garanti-
zar la privacidad de los datos transmitidos y un acceso
Seguro.

3.2. Sub-sistema Servidor (SS)

El SS se compone del modulo HealthCare (HS) y del moédulo Portal Web
(WS). El HS es el mddulo remoto encargado de recibir y almacenar los
datos de las sesiones de rehabilitacion. Estd concebido para ser instalado
en el centro de rehabilitacion y es capaz de gestionar los datos procedentes
de los recursos externos. La Tabla 4 contiene los detalles de este modulo.
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Tabla 4. Descripcion de los modulos del HS

Moédulo

Descripcion

Moédulo de comuni-
cacién

Gestor de informa-
cion HS

Repositorio HS

Médulo de interope-
rabilidad

Es el modulo responsable de la comunicacion con el lado
CSS, ademas de garantizar la privacidad y la seguridad a
través de algoritmos de criptografia.

Es el médulo encargado de manejar la informacion e invo-
car el modulo apropiado cada vez que se detecta un even-
to.

Es la base de datos encargada de archivar de los datos del
paciente, del personal médico ademas de los resultados de
las sesiones de rehabilitacién ejecutadas y sus estadisticas.

Es el modulo responsable de garantizar la interoperabili-
dad del sistema con sistemas externos y normativas exis-
tentes.

El WS es el encargado de mostrar los datos y las estadisticas de las se-
siones de rehabilitacion al personal clinico autorizado. El modulo es insta-
lado en un unico servidor externo, basado en un portal web, y es accesible
solo por usuarios autorizados, en particular personal clinico y personal de
administracion. En la siguiente tabla se muestra una descripcion de los di-
ferentes modulos, (ver Tabla 5).

Tabla 5. Descripcion de los médulos de CW

Madulo

Descripcion

Gestor de perfiles

Gestor de identifica-
cion

Gestor de Portal Web

Gestiona los perfiles de usuarios
Gestiona los permisos de conexidn al sistema remoto
Es el médulo encargado de la gestion del intercambio de

informacion entre diferentes sub-modulos y encapsula la
I6gica del sistema centralizado.
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4 Interaccién con el usuario

El sistema proporciona al paciente y al personal clinico, unas interfaces
simples y atractivas con el fin de facilitar la interaccion con el sistema.

La interfaz dedicada al paciente se encuentra en el VTE y su objetivo es
proporcionar las ayudas en forma de imagenes, videos y mensajes (de tex-
to y/o verbales) que hacen que los pacientes se den cuenta del error come-
tido y traten de corregir la accidén no ejecutada o ejecutada de forma inco-
rrecta.

En la siguiente figura (ver Fig. 6) se ensefa la pantalla principal de la
interfaz, la cual se usa para seleccionar la tarea que se quiere ejecutar.

Fogttuar]
Tarea Elegida

e o o

Fig. 6. Pantalla principal de la interfaz de usuario.

Finalmente, la interfaz dedicada al personal clinico permite a los profe-
sionales comprobar y controlar el rendimiento del sistema y del paciente,
durante las sesiones de rehabilitacion, se instala en un ordenador comun y
se compone de varias caracteristicas que hacen que el personal clinico
pueda supervisar el sistema y actuar cuando sea necesario (ver Fig. 7).



SISTEMA DE REHABILITACION COGNITIVA PARA LA ASISTENCIA EN
ACTIVIDADES COTIDIANAS DE PACIENTES TRAS SUFRIR UN ACCIDENTE
CEREBRO-VASCULAR 201

Task Visualization: T™: Cue Preview: LN
Tea with Milk and Sugar aveed allas| | o

AAR:

Reliability of Sensors:
VIDEO STREAMING

Coasters Coasters

cup O Milk Jug O

Do you confirm your selection? A3:add tea bag in cup - E11:No teabag added into the cup

Fig. 7. Pantalla principal de la interfaz del persoﬁal clinico.

La interfaz estd compuesta por las siguientes sub-ventanas:

e Visualizacién de tareas: ensefa la tarea elegida por el pa-
ciente en el VTE.

o Sub-tareas y errores: lista de las acciones y errores que
podrian ocurrir durante la ejecucion de la tarea. Aqui el médico
puede seleccionar la accion correspondiente una vez que el pa-
ciente la haya ejecutado ademas de elegir el error cometido du-
rante la ejecucion; en el caso que la accion y el error sean identi-
ficados de forma automatica por el VTE, el clinico puede vali-
darla antes de que la ayuda sea visualizada en la interfaz del pa-
ciente, es decir, el VTE.

e Vista previa: cuadro de comando donde el clinico puede
visualizar y validar la ayuda que se enviara al VTE.

¢ Fiabilidad de los sensores: ventana de la interfaz donde
se ensefia el estado de los sensores.

e Reproduccion de video: ventana de la interfaz donde se
puede ver el video del paciente en directo, durante la ejecucion
de las sesiones de rehabilitacion.

5 Experimentos y estudio de resultados

Tras la descripcion del sistema y su arquitectura, pasamos a detallar la eva-
luacién técnica realizada. Esta evaluacion técnica del sistema se ha reali-
zado para comprobar la capacidad de interaccion con el paciente y la prac-
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ticidad del sistema durante su uso en el hogar en la ejecucion de las tareas
cotidianas. Dichas pruebas han sido realizadas en un entorno apropiado, el
Living Lab situada en la Escuela Técnica Superior de Telecomunicaciones
se ha erigido como un entorno apropiado para la realizacion de las pruebas.

A continuacion se muestra un plano de esta casa inteligente (ver Fig. 8).

1043,765
0,765

o 248,540

248,380,

—— 1068.-30

110,298 1068,-298

Fig. 8. Plano de la casa inteligente escenario de las pruebas.

Como se puede observar en el propio plano, este Living Lab permite re-
construir la integracion del sistema de rehabilitacion en diferentes estan-
cias de una casa. Para la evaluacion técnica se ha seleccionado la tarea de
preparacion de un té, explicada en los capitulos anteriores. El escenario
“cocina” fue recreado en la propia cocina del Living Lab, permitiendo un
entorno propicio para las pruebas. Los distintos voluntarios que se presta-
ron a realizar la tarea de preparacion de un té dispusieron del instrumental
y la ambientacion requerida para simular el entorno doméstico.

En las pruebas realizadas se ha solicitado a los voluntarios realizar dis-
tintos tipos de té: té solo, t€ con leche, t€ con azicar y té con azucar y le-
che en diferentes secuencias de acciones y cometiendo errores de forma
intencionada a fin de cubrir todas las acciones y tipos de errores mostrados
en las Tablas 6y 7.

Las sub tareas realizadas en base a la secuencializacion explicada en el
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capitulo 2 se muestran a continuacion, (ver Tabla 6). Cada voluntario tuvo
que realizar una tarea especifica, con o sin errores, y presionar el boton
finalizar al terminar la tarea.

Tabla 6. Sub tareas de la tarea global de preparacion del té.

Tarea Descripcion
Al Verter Agua en el hervidor/tetera
A2 Calentar el agua

A3 Afadir bolsa de té a la taza
Ad Afadir agua caliente a la taza
A5 Afadir azlcar a la taza

A6 Afadir leche a la taza

A7 Remover

A8 Quitar la bolsa de té

A9 Jugar con jarra de agua

Al10 Jugar con agua caliente

All Presionar el botén de finalizar

La clasificacion de los tipos de errores posibles se muestra a continua-

cion, (ver Tabla 7):

Tabla 7. Clasificacion de errores.

Error Descripcion

Adicion Afiadir algin ingrediente o realizar una ac-
cién no requerida

Omision Olvidar realizar una tarea

Perseverancia

Anticipacion

Perplejidad

Juego

La repeticion involuntaria de un paso o sub-
tarea

Realizar un paso o sub-tarea anterior en se-
cuencia a lo habitual

Un retraso o vacilacion en la realizacion de
una accién

Perseverar la intencién de tocar o mover un
objeto sin realizar una accién concreta
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A partir de los resultados obtenidos se pudo comprobar que los errores
que se detectaban con mayor frecuencia eran los de “perplejidad” y “jue-
g0” no correspondiéndose siempre con la realidad los errores de pausa en
movimiento dados por “perplejidad”. Estos errores precisan de una defini-
cion de tiempos variable en funcion de las acciones realizadas, permitiendo
asi mayor versatilidad al sistema. Este problema, sin embargo, no supuso
un gran déficit en la experiencia del usuario dado el sistema de prioridades
y la agrupaciéon de ayudas que se realizd de cara a suministrar una reali-
mentacion oportuna y coherente al paciente. En base a ello se agruparon
los errores, anteriormente clasificados, en tres grupos.

El primer grupo se compone de errores en los que la ayuda proporciona-
da se compone de un texto en el monitor o mensaje oral para indicar el
error y abortar el sistema. Este protocolo se adopta cuando el error podria
ser peligroso para el usuario y la tarea no puede ser completada.

El segundo grupo esta compuesto por los errores menos peligrosos en
los que la informacion suministrada al usuario se divide en tres etapas:

e En primer lugar, se muestra al usuario una imagen de la
accion correcta.

e En caso de no ejecutarla, a continuaciéon se muestra un vi-
deo real de la misma accion.

e Por ultimo, si la pausa en el movimiento es continua, se
proporciona un Ultimo mensaje informando acerca del error y el
sistema aborta permitiendo al usuario relajarse y tratar de inten-
tarlo de nuevo mas tarde.

El tercer y ultimo grupo esta compuesto por los errores relacionados con
distracciones leves. La informacion suministrada al usuario también se
dividi6 en tres etapas, pero de una forma diferente de la mencionada ante-
riormente:

e En primer lugar, una vibracion del reloj avisa al usuario.

¢ Sino es consciente del error, a continuaciéon se muestra un
texto o mensaje oral en el monitor.

e Por tultimo, si la pausa en el movimiento es continua, tam-
bién se proporciona un mensaje final como en el caso anterior
informando acerca del error, y el sistema aborta permitiendo al
usuario relajarse y tratar de intentarlo de nuevo mas tarde.
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6 Conclusiones

El sistema presentado esta concebido para ser un Sistema de Salud Perso-
nal (SSP), capaz de ofrecer una solucion sanitaria de bajo coste, intuitiva y
practica orientada a la rehabilitacion de pacientes que sufren Apraxia y
ADS.

En este articulo se han presentado los progresos en la realizacion de un
sistema de rehabilitacion cognitiva que supone un avance en el area de la
rehabilitacion. La situacion actual de los pacientes que experimentan algiin
tipo de déficit cognitivo, tras un episodio de accidente cerebrovascular,
suponen un alto coste respecto al sistema propuesto. Ademas, el sistema
propuesto aporta una alternativa al tratamiento tradicional, que requiere la
asistencia continuada por parte de un terapeuta ocupacional.

Tras describir brevemente la problematica actual de los pacientes que
sufren esta enfermedad se ha abordado la arquitectura y funcionalidad de
la propuesta realizada. La evaluacion técnica ha resultado positiva y consi-
dera el proyecto apto para la realizacion de pruebas con pacientes.

Esta propuesta, como se ha tratado en secciones anteriores, permite la
rehabilitacion cognitiva y la asistencia del paciente de forma remota. Los
resultados de la evaluacion clinica podrian suponer un avance en la inter-
accion persona maquina puesto que se evaluara la eficacia de los diferentes
dispositivos de realimentacion que se suministraran al paciente.

Las pruebas de evaluacion técnica encontraron problemas de definicidon
de tiempos para la realizacion de las actividades. Este problema se mani-
festd unicamente en casos aislados, y supuso aportar ayudas innecesarias al
paciente. Aunque el problema pudiese resultar arbitrario e irrelevante, no
permite el proceso de aprendizaje pretendido en la rehabilitacion. Sin em-
bargo, al prevalecer el sistema de prioridades, se garantiza que el usuario
finalice siempre la sesion bajo condiciones de seguridad. A partir de los
resultados obtenidos se realizd una redefinicion de los temporizadores in-
ternos que permite su configuracion. Esto resultd ser una solucion para el
problema descrito.

En futuros prototipos se plantea mejorar las capacidades de interaccion
de los dispositivos con el paciente para mejorar su experiencia de usuario.
Por ejemplo, enviando mensajes a través de relojes inteligentes con inter-
faces tactiles.
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