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Abstract

Today’s society is more and more concerned with the integration of disabled people in
the community. Wheelchair patients are an example of a group that still faces segregation,
mainly due to their dependence on other people for a large part of their daily routines. With
the increase of wheelchair users and the disparity of afflictions that impose such a condition,
scientific research in the area has become more pertinent and significant. Some handicaps
that affect arm movements, motor coordination or sight, make it impossible to drive a
common powered wheelchair. Patients who have such physical disabilities will benefit from
intelligent wheelchair projects, which can give some independence back to them.

Numerous intelligent wheelchair prototypes are in development worldwide and several
hardware platforms have been developed. As such, the challenge now is to develop the
control algorithms, in particular complex high level control strategies. Direct implementation
of new software modifications in real wheelchairs is not viable due to financial costs and,
more importantly, to the involvement of human risk. The solution is to use simulation for the
control model validation thus bringing great savings both in time and money to algorithm
development, testing and validation.

This dissertation describes the development of an intelligent wheelchair simulator. It
starts by going through the description of the intelligent wheelchair concept and the reasons
of its increasing importance. It justifies the need for simulation during the development
process, all the way from initial testing until the final implementation. The document
continues with the description of the intelligent wheelchair project - Intelwheels - under
development at the Artificial Intelligence and Computer Science Lab of the University of
Porto that directly led to this simulation development.

This document also presents the state of the art in robotic simulation. Special attention is
given to Ciber-Rato, a simulator developed at University of Aveiro for a robotics competition,
which was the base for the simulator developed during this project, called Intelwheels
Simulator. It then goes through the architecture and the implemented algorithms of the

Intellwheels simulator itself. The developed robotic controlling agents are presented, with
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special focus of the modifications made to the Intellwheels Control Software, previously
developed. Finally it goes through the graphic application for realistic simulation viewing and
discusses the results of real, virtual and mixed reality tests that prove the capabilities and

advantages of the simulator developed and its importance in IW development.
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Resumo

Cada vez é maior a preocupacao da sociedade com a integracdao na comunidade de
pessoas portadoras de deficiéncia. Os utilizadores de cadeiras de rodas sao exemplo de um
grupo social que ainda se defronta com segregacdo, devida, em grande parte, a sua
dependéncia relativamente a inUmeras tarefas quotidianas. A investigacdo cientifica nesta
area ganhou importancia e significado com o aumento do niUmero de pessoas com necessidade
de utilizar cadeira de rodas. Deficiéncias tais como as que afectam os movimentos dos
bracos, a coordencdo motora ou até a visdo tornam impossivel a conducdo de uma cadeira de
rodas electrica com um joystick convencional. As pessoas que sofrem de tais incapacidades
irao certamente beneficiar com projectos de desenvolvimento de cadeiras de rodas
“inteligentes”, capazes de lhes restituir alguma independéncia.

Numerosos prototipos de cadeiras de rodas inteligentes sao alvo de desenvolvimento em
todo os mundo, tal como o tém sido varias plataformas de hardware. Assim, o desafio centra-
se agora no desenvolvimento de algoritmos de controlo, particularmente estratégias de
controlo de alto nivel. A aplicacao directa, em cadeiras de rodas reais, de novos algoritmos
nao é viavel ndo so6 devido a razoes financeiras, mas, sobretudo, pelo risco de seguranca
pessoal associado. A solucdo surge com o recurso a simulacdo para a validacao dos modelos,
possibilitando significativas poupancas tanto em tempo como em recursos econémicos no
desenvolvimento, teste e validacao do software.

Esta dissertacao procura descrever o desenvolvimento de um simulador de cadeiras de
rodas inteligentes, comecando pela descricao do conceito de cadeira de rodas inteligente
assim como pelas razdes que justificam a sua importancia crescente. E justificada a
necessidade de simulacao durante todo o processo de desenvolvimento, desde o primeiro
teste de baixo-nivel até a sua implementacao final. O documento descreve ainda o projecto
de cadeira de rodas inteligente que conduziu directamente ao desenvolvimento desta
simulacao - Intelwheels - em desenvolvimento no Laboratorio de Inteligéncia Artificial e
Ciéncia de Computadores (LIACC), na Universidade do Porto.

0 documento descreve ainda o estado actual da simulacdo robdtica, analisando a
arquitectura e os algoritmos implementados. Foi dada especial atencao ao Ciber-Rato, um
simulador desenvolvido na Universidade de Aveiro destinado a competicdo roboética que
esteve na base do designado Simulador Intelwheels desenvolvido neste projecto. Sao ainda
apresentados os agentes de controlo robdtico desenvolvidos, focando em particular as
modificacdes introduzidas no sofware de Controlo Intelwheels, anteriormente desenvolvido no
LIACC. Finalmente aborda a aplicacdo grafica desenvolvida destinada a visualizacdo da

simulacdo de uma forma realista. Sao apresentados os resultados de testes em ambientes
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reais, virtuais e mistos que procuram mostrar as capacidades e vantagens do simulador
desenvolvido assim como a sua importancia no contexto do desenvolvimento de cadeiras de

rodas inteligentes.
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Chapter 1

Introduction

1.1 - Motivation

Nowadays one can witness the increase of world population carrying some form of
physical incapability, affecting locomotion. Based on World Health Organization (WHO) data,
it is estimated that around 2% of world population (130 million people) live with physical
handicaps[1][2]. This number is due to various reasons and it has been, in fact, growing. The
aging of population due to life expectancy increase, environmental degradation and sub
nutrition lead to the appearance of chronic diseases which, together with factors like traffic
and work accidents, wars and congenital deficiencies, contribute to the increase of people
with mobility difficulties[2][3].

With the objective of responding to numerous mobility problems, various intelligent
wheelchair related projects have been created in the last years. They try not only to give
mobility to handicapped people but, more importantly, they are aiming at doing it in an
autonomous way, independent of third party help. Aside with other projects, the Artificial
Intelligence and Computer Science Lab of the University of Porto (LIACC) is developing an
Intelligent Wheelchair (IW) prototype[2]. Through hardware such as sensors, communication
boards and simple human-chair interface devices, the IW is capable of understanding high
level orders, such as going from a room to a toilet[4][5]. A complex system of navigation with
trajectory planning algorithms, communication and interaction (with other IWs and other
intelligent systems), make this IW a solution that will give patients high degrees of
independence[6]. They will be able to so, even if their levels of disability are such that, in a
common electrical wheelchair, would not be possible for them to correctly drive it with the
joystick.

The development of this IW project is in an advanced stage of development. Therefore,

the challenge is now to test and validate the high level control solutions: tests to intelligence
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and to reliability. In fact, testing new control algorithms in real systems is not viable due to
low IWs’ availability, time and space needed. Moreover, placing real IW prototypes in a real
hospital situation would create risks for humans, which is not acceptable.

Solving this problem involves the development of a simulation environment that will allow
testing every aspect of a modification or an addition to the existing system, without
submitting the real system resources to disturbances. The advantages of developing a
simulation system for IWs and their surrounding environment are numerous when comparing
to an immediate real implementation. Disposing of a large number of IWs, for collaborative
algorithm testing, would incur in large associated costs while, on the other hand, simulating
multiple IWs in a computer will not have any addition cost [7]. Through simulation it is
possible to compress time, in the sense that viewing all the consequences of a modification in
a fraction of the otherwise necessary real time. Error tracking is simplified: finding the “why”
of a certain occurrence is possible through an isolation and detailed analysis of a specific
event or period of time. Additionally, requirement specification is possible and more focused.
For example, simulation can identify what will be the necessary resolution for a given sensor,
so that the system will behave correctly.

The IW project currently being developed in LIACC has the objective of being as modular
as possible so that it can be adapted to any electric wheelchair, any type of sensors and
motors. In order to continue this philosophy, the IW simulator should be no different. Apart
from being a high level control algorithm test board, the simulator must be able to adapt to

any type of sensors and hardware characteristics used in each chair.

1.2 - Objectives

This project will be based on the IW prototype developed at LIACC and on the “Ciber-
Rato” software, developed by University of Aveiro[8]. “Ciber-Rato” is a robotic simulator for
a competition where the goal is to develop an agent which will control the simulated robot
and guide it through a maze[9]. The agent must, through signals from the simulator (that
represent sensor values), send power values to left and right motors of the simulated
differential robot.

Based on “Ciber-Rato”, the new intelligent wheelchair simulator must contain every
functionality needed to test the LIACC’s IW system. Therefore, the main objectives of this
project are:

e Development of a simulation server, based on “Ciber-Rato”, which is able to simulate

the wheelchair’s body, sensoring information and world map. The simulator should
accept purely virtual wheelchair agents as well as real wheelchairs (allowing

augmented reality mode).
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¢ Development of a simulation viewer, adapted to IW requirements, such as the correct
view of robot’s body (allowing different body types and sizes) and “first person”
viewing capabilities.

e Adaptation of the wheelchair’s control software to allow it to work as a purely virtual
robotic agent (connecting only to the simulator), as a purely real wheelchair
controller (connection only to the real wheelchair) or in an augmented reality mode

(connecting to both the real wheelchair and the simulator).

1.3 - Dissertation Structure

This dissertation is organized in 8 chapters, the first of which is this introduction to the
intelligent wheelchair simulation project.

On the second chapter it is given an overview the LIACC’s “Intellwheels” project. The
motivation, vision, architecture and present stage of development are discussed.

The third chapter will offer a vision on the main projects in robotic simulation, with
emphasis on intelligent wheelchair simulation projects. It analyses the state-of-the-art on this
topic and special attention is given to University of Aveiro’s “Ciber-Rato”, thoroughly
describing the simulator.

On chapter four, it is presented the developed simulator, designated “IntellWheels
Simulator”, in accordance to the main project’s name. It starts by defining the software’s
architecture and continues with the explanation of the modifications to “Ciber-Rato” and the
new implemented algorithms.

The fifth chapter contains the work done on developing robot controlling agents that
connect with the simulator. A robot represents any type of object, depending on the control
it is applied. This chapter analyses the developed generic robotic agent and the door agent. It
finishes by describing the applied modifications to the IntellWheels Controller software for
added simulation functionalities, including communication requirements.

Chapter six goes through the developed visualization agent for the simulation. The
motivations for its development as well as the requirements of an intelligent wheelchair-
specific viewer are discussed. It also introduces the 2D and 3D drawing software and
algorithms.

The seventh chapter explains the methodology for the experimental tests. It expresses
the results of both real and simulator tests for better comparison. It also demonstrates the
simulation projects’ functionalities with an augmented reality test.

On the eighth and final chapter of this dissertation, conclusions on the entire simulation
project are drawn with more detail on the final test results. To finalize, the chapter

recommends possible paths for additional development.



Chapter 2

Intellwheels Project

The need for an intelligent wheelchair simulator has its origin in the intelligent
wheelchair project, which is being developed in LIACC, at the Faculty of Engineering of
University of Porto. Although there are more than 40 distinct IW related publications
registered with IEEE since year 2000 [10], the Intellwheels Project aims to contribute to the
advance in the field. Its main objective is to create a complete intelligent system with
hardware and software that can be incorporated into any commercial electric wheelchair. In
addition, the system is to be installed in such method that causes little, or none, visual or
design impact, which otherwise would further discriminate their handicapped users.
Moreover, it must contemplate every type of wheelchair user, from those with small
locomotion disabilities to those with mental handicaps that prevent normal arm and hand
movements. This is achieved through an advanced software control system that goes from
simple shared control, where it “merely” guarantees that the user’s manual control does not
take him to dangerous situations (such as going through gaps on the ground, steps and
collisions), to complex high lever orders made through voice recognition, path planning and

autonomous driving and strategy definition for multiple high level goal achievements.

2.1 - Architecture

Intellwheels project’s architecture is presented in Figure 2.1, where the different
modules of the project are evident. The red square highlights the simulation module which

was then main focus and the point of start for this dissertation.
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Figure 2.1 - Intellwheels Project Architecture (from[2])

2.1.1 - Hardware

The main hardware of any electric wheelchair are the motors and batteries, but the core
of an IW are its sensors. It is through them that it can perceive the world and make intelligent
decisions on the orders to give to the motors. Intellwheels’ wheelchairs contain sonar and
infra-red sensors for object distance detection and encoders on their motors for position
calculation. Electronic acquisition plates are also installed for that is what permits remote
actuation on the motors and sensor information gathering and sending for the control

software. These plates connect to the computer hosting the control software through R5232.

2.1.2 - Main Interface

The main interface is where all the information is gathered. It is through it that all the
other modules reach the actual wheelchair and, as such, it is responsible for handling all
UDP/IP connections. Every detail of the configurations is dealt with in this main application.
It displays relevant information in real time: sensor readings, speed, position, orientation,
motor power and operational mode (real, augmented reality or simulated). Figure 2.2 displays

the visual form of the module.
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Figure 2.2 - Main Application (adapted from [1])

2.1.3 - Intelligence
Intellwheels project has a multilevel control architecture [2], as illustrated in Figure 2.3.
The lower levels - basic control - are handled by the main application itself, separating the

higher levels - tactical 4" level and the strategy level - from the Intelligence module.

K coumouncmemuns\

STRATEGY
HIGHLEVEL LEVEL

Figure 2.3 - Intellwheels Control Architecture from [2].

The cognitive agent is responsible for high level decisions, such as continuous planning,
runtime monitoring and cooperation with other intelligent agents. An example of the 4" level
is the generation of path to achieve a specific location, though the application of A*'
algorithm. Over this stage a strategic defining level sets the sequence for wheelchair

objective (e.g. “pick up” patient from room 10 and take him to doctor office number 2).

' A* is a path planning algorithm [6] [3], widely used in intelligent robotics.
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The result of this module will be a series of low level instructions to be given to the
wheelchair’s motors through the main application, independently of details of how those

orders are given.

2.1.4 - Multimodal Interface

Making the wheelchair’s control correctly and fully understand the user’s orders is
essential, otherwise the control algorithms and intelligence could work against the patient
instead of working for him. Simultaneously to the development of this dissertation, Marcio
Sousa is developing a project designated “Multimodal Interface for an Intelligent
Wheelchair”. This multimodal interface is where all the possible user inputs are handled and
it has two main objectives:

e Recognizing sequences of commands which represent specific high medium level
orders. This functionality works in a very similar form to “combos” in computer
games, where depending on the order of the buttons pressed, the arrow keys could
originate different moves.

e Creating the possibility of receiving those orders through as many different inputs as

needed: voice recognition, face recognition, joystick or keyboard.

2.1.5 - Simulator

The simulation module was the main focus of this dissertation and a vital one on the
Intellwheels project.

This module creates a virtual world and its main objective is to test the control
algorithms. In fact, using the real environment every time the control application is modified
is not viable. On the other hand, it is not possible to validate a change without a form of
testing it. The control application may connect to the simulator, instead of the real
wheelchair, and all the consequences of a modification can be verified in a matter of
seconds.

However, the simulator’s involvement in the IW project is even greater, as the notion of
augmented reality is introduced. An interaction of real wheelchair with virtual ones sets the
tone for a complete new range of possible testing. Large scale cooperative tests (intelligence

module) are possible, no matter how little real IW prototypes are available (Figure 2.4).
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Figure 2.4 - Augmented Reality Concept.

The possibilities for a system where any object (even virtual, intelligent or static) can be
placed for real testing are vast:

e Obstacle avoiding.

e Complex path planning.

e Cooperation scenarios.

A complete description of the simulator, its capabilities, algorithms and modes of

operation are included further ahead, in Chapter 4 of this dissertation.

2.2 - Development Status

At the present stage, the Intellwheels project is in a midpoint state of development,
which adds importance to the simulation project. The present stage requires intensive high
level algorithm testing, to which the simulator brings faster, simpler and more focused
verification methods.

In terms of hardware implementation, two commercial electric wheelchairs have been
modified and transformed into intelligent wheelchair prototypes. Both of them are equipped
sonar and IR sensors for proximity calculation, cameras for ground marking orientation,
encoders for speed calculation and position determination and communication plates for
computer and software control connection.

Low level controlling is fully developed [1], as basic functions like straight driving, turning
and going to a point in the Cartesian system were already implemented with success. Medium
and high level algorithms, such as automatic object avoidance and path planning, are well
advanced as successful tests have been registered. Strategy defining procedures are in design
status. Despite this, the basis for implementation is completely developed and a fully
functioning intelligent prototype is in the verge of achievement.

The multimodal interface was being developed at the same time as this simulation project

itself. Notwithstanding, apart from common powered wheelchair joystick, the IW is already
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able to accept direct commands (forward, backward and turning) through the WII and
Playstation remote controllers and a virtual keyboard. The camera for face recognition was
developed apart from the Intellwheels project even though it is fully operative, its
integration with the current control application is not yet complete.

The Simulation module was completely achieved and it is now possible to fully test
control algorithms in any type of scenario, with as many virtual or real IW as intended.
Moreover, additional possibilities for its usage, such as full intelligent environment (e.g.

intelligent doors) were proposed which increase value of the module.

2.3 - Summary

This chapter presented the intelligent wheelchair project being developed in LIACC -
Intellwheels Project. It introduced the project’s architecture, presenting all of its modules:
hardware, main application, intelligence, multimodal interface and simulation. It sums up by
presenting the current stage of development of each one of the modules.

This dissertation’s main applicability will be on the Intellwheels and its simulator module.
As such, its architecture and the concepts presented on this chapter will be referred to in
every other section ahead. Moreover, the initial step for this thesis was the review of the

state-of-the-art in robotic simulation, which is done in the following chapter.
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Chapter 3

Robotic Simulation

This Simulation project was started with the decision to use the Ciber-Rato simulator
usage already taken (which is detailed in depth ahead, in section 3.2). The reasons that lead
to this are connected to the proven performance and flexibility of this software, as it has
been used in different applications and adaptations. It has been successfully used for various
competitions: Micro-Rato[11][8][12][13] (2001-2008), CiberMouse@RTSS[14] (2007-2008) and
CiberMouse@DCOSS[15] (2008). It was also previously used at LIACC in several research
projects such as a computational study on emotions and temperament in Multi-Agent
Systems[16][17] and development of cooperative rescue operations[18]. Moreover, previous
work had already been done in the Intellwheels project on Ciber-Rato usage for intelligent
wheelchair simulation, proving the software’s value and suggesting further development on
the topic[3].

Despite the choice of the base application already dealt with, it was of relevance to study

similar simulation projects in order to incorporate additional concepts into this dissertation.

3.1 - Generic Robotic Simulators

A reference in robotic scientific development is RoboCup. RoboCup is, more than a
competition, a complete initiative with the vision of creating a robotic soccer team to win a
match against a human one [19]. During the meetings organized each year, robotic soccer and
search and rescue competitions are held. They have both simulated and real environment
contests, which have been used as inspiration for other robotic conferences around the world,
such as Micro-Rato[11] itself.

The RoboCup Simulation 2D League has various points in which it touches this IW
simulation project. This competition creates a virtual soccer field and models the two teams,
each with 11 players. In an attempt to closely mimic the real robot competition, the virtual

bodies of the players are circular, with differential virtual motors for movement control and
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possess sensors to aid decision making. Finally each team has a coach, which is a special
agent that holds unique information concerning the whole simulation. The coach differs from
the player agents in the sense that the data they receive are limited (e.g. by distance) are
have noise variation. Because of the differences between each agent inside a team, the focus
on this competition is on high level cooperation and control algorithms[20]. For visual
simulation following, 2D and 3D viewers are available, although the 3D characteristics are not
modeled by the simulator and only appear for better appeal.

Ciber-Rato follows the concepts of the RoboCup 2D League and, consequently, so does the
Intellwheels Simulator, developed during this dissertation.

A 3D League was later developed, which implemented profound modifications to the 2D
version, especially in terms of world modelling and communications handling, as the SPADES?
platform was introduced. Once again, in an effort to add more realism to the simulation
itself, apart from the full 3D environment, a visual sensor was the main form of perceiving
the world. Furthermore, the robot model evolved from the initial sphere to a humanoid, in
2007.

Other robotic simulators were studied during the initial part of this dissertation, which
include:

e Gazebo / Player Project[21][22], a simulator for specific robot models, and is capable

of generating a wide number of robots with sensors in a three dimensional world.

e UsarSim[23], a simulator that takes advantage of the realistic graphic and physics
power of the Unreal Engine, developed by Epic Games enterprise. Through TCP
protocol connections, this simulator allows the connection a control application and
provide it with a wide variety of sensors: encoders, touch, proximity, RFID, camera,
sound and motion sensors.

e Microsoft released, in 2007, a generic robotic simulation environment called Microsoft
Robotics Studio[24]. Its target destination was not only the academic developers but
commercial ones as well, as the product could simulate a wide range of robotic
hardware. Moreover, visual programming language (VPL) was used, allowing easy
controlling. Rich environments could be set, as it uses the AGEIA PhysX[25] for world
physics calculations. The software rapidly proved its value, as illustrates the 2007
RoboCup[20].

3.2 - Intelligent Wheelchair Simulators

A literature review for other projects focused on intelligent wheelchair simulation was

performed and two projects stood out.

2 System for Parallel Agent and Discrete Event Simulation (SPADES) is an agent focused framework for
communication handling, agent-world interaction and physics modeling [46].
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3.2.1 - Bremen Autonomous Wheelchair

The Bremen Autonomous Wheelchair (BAW)[26], initiated a simulation related project,
motivated by reasons that are shared with this Intellwheels intelligent wheelchair project. As
a consequence of developing new hardware platform, there is no commercial simulator that
can be directly used. Moreover, the final decision on sensory and communication equipment
is not yet defined thus creating the need for a software that is flexible enough to adapt. The
Bremen team started with a basic software, developed in their own university, called
SimRobot[27], and then set a methodology where they would systematically expand the
application each time they would find it necessary. They would submit the real chair to a test
and then apply the same test to the simulator. Afterwards, the results from both of them
were compared and, in case differences were found, they would upgrade the SimRobot
accordingly.

The entire simulation project is, therefore, an enduring evolution towards the equilibrium
between the real environment and the simulated one.

Differences, from the objectives of the Intellwheels project, arise when conceptual
architectures and simulation objectives are compared. While Bremen simulation is based on a
single chair, Intelwheels is multi-agent based, in the sense that a dynamic, more complex
environment with multiple intelligent and collaborative objects is intended. Furthermore,
BAW simulation segregates completely real and virtual worlds, leaving no room for augmented

reality model.

3.2.2 - Vehicule Autonome pour Handicapés Moteurs

An intelligent wheelchair developed in 1998 at the University of Metz, in France -
Vehicule Autonome pour Handicapés Moteurs (VAHM)[28] - was, in 2000, extended with a
simulation project[29]. The objective of this project was to solve a difficulty encountered
during the development: real disabled patient testing. Costly, time wasting and often
physically harmful, these tests became a burden that led to need of a simulator.

The simulator’s concept was to enable the wheelchair with computer connection abilities
and create a software that would simulate the world perception to the chair. The chair was
to be the same has the real environment only with a breaking system disabling actual
movement, although allowing encoder perception. The patient is then equipped with a virtual
reality helmet with which he would see the virtual world. This blend of real variables with
the virtual world created mixed reality environment is very similar to what Intellwheels
project implements (which will be thoroughly detailed in chapter 4). The chair provides the
simulator with real encoder values and the software, in return, sends measures of virtual

ultrasonic sensors.
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Overall architecture, on the other hand, is then distinguished from Intelwheels’. VAHM’s
simulation project range ends with the single chair test, while Intellwheels interest goes

further into higher level multiple IW collaborative algorithms.

3.3 - University of Aveiro’s Ciber-Rato

Ciber-Rato is a robotic simulation software developed for a competition, held at
University of Aveiro. The reason for its development was to provide a form of integrating
participants whose hardware skills weren’t sufficient enough for real robot building, for the
older “Micro-Rato” competition. Through “Ciber-Rato” they could concentrate solely on the
control algorithms and software issues, as their robots are purely virtual[8].

The game consists of 3 “mice” (robotic agents that control their robot by sending motor
power inputs to the simulator) finding their way to a beacon. The agents are applications
developed by the contestants, thus separate of the simulator itself. They communicate with
it via UDP protocol and XML messaging. The virtual robots have a circular body and have
differential drive: a simulated motor for each of its two wheels (illustrated in Figure 3.4). At
start, the world is unknown to the agents and they rely on 3 IR sensors, 1 ground sensor, a
bumper sensor and a beacon compass to achieve the objective (in a testing mode, a GPS
sensor can be used for debugging but its usage is not allowed in the actual competition). The
agent that reaches the beacon with the best score (less time and less collisions) wins the
match.

The “Ciber-Rato” Simulator developers also created a modified version for a different
competition, in the 2008 edition of the International Conference on Distributed Computing in
Sensor Systems (DCOSS ‘08). The goal now is to make a team of 5 agents go to a single beacon
and the main difference, in terms of simulation, is that the robots can send messages to each
other. Their communication is limited by distance and message size, approaching a more

realistic scenario and encouraging development of information exchange algorithms.

3.3.1 - Architecture

Being “Ciber-Rato” itself based on the RoboCup simulation league, it follows the same
basic concepts: a distributed architecture where the simulation engine works as a server for
all other agents (clients) to connect to[8]. Figure 3.1 gives an overview on the system’s

conceptual design.
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Figure 3.1 - Architecture of the “Ciber-Rato” robotic simulator system

Since every agent is an external application, they can all be developed in a different
programming language, having only the concern of using the same communication protocol as
the simulator. This possibility is particularly valuable since, in the actual competition, each

contestant can use their own computer and operating system.

3.3.2 - Communications

Information exchange between the agents and the simulator and even between the
simulator and the viewer are made through UDP and IP protocols. This allows not only to run
simulation with different applications for each agent but to run them from different
computers, as long as they are connected through an IP network.

The messages themselves are in XML language. Its usage allows not only an easy
processing by the programs but, on the other hand, it is concise, formal and human-legible
[30]. Figure 3.2 is an example of the XML message that needs to be sent to the simulator

server, to initiate the robot simulation.

<Robot
Name="IntellWheels"
ld="1">

</Robot>

Figure 3.2 - XML message for robotic agent registration.

It identifies the main tag has a Robot and defines its name has “IntellWheels” and its Id as
“17.

In order to initiate a correct simulation, with robotic and visualization agents, a series of
XML messages should be sent to the simulator. A possible sequence is represented in the UML

sequence diagram on Figure 3.3.
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Figure 3.3 - UML sequence diagram of robotic and viewing agents’ messaging with the simulator.

3.3.3 - Virtual Robot

The body of all simulated robots is circular, with a radius of 0.5 units. They are

differential robots, i.e., they are modeled with two wheels, as shown in Figure 3.4.

Proximity
Sensor

Collision
Sensor

Figure 3.4 - Ciber-Rato’s robots’ body and sensors.
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The center of the circular body is also the center of movement of the robot as the wheels
are located symmetrically. Each wheel has its motor and can be controlled by the agent

through an XML message, containing the power to be applied in each motor.

<Actions
LeftMotor="0.1"
RightMotor="-0.1"

/>

Figure 3.5 - XML message for robot counter-clockwise rotation

As an example, the command represented in Figure 3.5 will set the robot to rotate in its
own center.

By default every robot has their four proximity sensors placed in the perimeter, radially
oriented. The arc cone of the sensor’s sight is fixed at 60°. On the DCOSS ‘08 version of
“Ciber-Rato”, the location of the sensors can be set by each robot. An angle, relative to the
robot’s frontal direction, will define where, in the circle perimeter, will the sensors be
placed [31]. Although not completely configurable, this possibility gives the “Ciber-Rato”
simulator a more general and adaptable software for other uses, such has this intelligent
wheelchair simulation project.

A beacon sensor is also available. Through this sensor, the simulator will send the robot
controlling application a value in degrees (from -180° to 180°), indicating the direction of the
beacon, relatively to the robot’s current direction. Approaching realistic conditions, if the
beacon if too far or if the obstacle between the robot and the beacon is too high, the
simulator will not send the beacon sensor reading.

To inform on the robot’s direction, a compass sensor is offered, located in the center of

the robot. The sensor points in the direction of the rising X axis, as shown in Figure 3.6.

o

Direction = 0° Direction = 90° Direction = -135°

Figure 3.6 - Robot direction information, sent by Ciber-Rato's compass sensor.

The sensor’s values range from -180° to +180°. Figure 3.6 a. represents a robot oritented
purely on the X axis (direction=0°), on Figure 3.6 b. is show a robot directed only on the Y
axis (direction=90°) and Figure 3.6 c. exemplifies a robot facing towards negative X and Y

coordinates, relatively to its center (Direction=-135°).
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A GPS sensor is also available, returning information on X and Y positions and, also, on
robot orientation. These values have addictive noise (as exposed on Table 3.1), with different

maximum variations, which confers this sensor a distinct function to the regular compass.

Table 3.1 - Ciber-Rato’s sensor characteristics

Sensor Range Resolution Noise Type Deviation
Proximity [0.0;100.0] 0.1 adivtive 0.1
Beacon [-180°;+180°] 1 Adivtive 2.0
Compass [-180°;+180°] 1 Adivtive 2.0
GPS (position) N/A 1 Adivtive 0.5
GPS (orientation) [-180°;+180°] 1 adivtive 5.0
Collision N/A
Ground N/A

The last two sensors defined in Table 3.1 - Collision sensor and Ground sensor - have
binary responses. The collision sensor will return “Yes” in case the robot touches any other
robot or a wall. The Ground sensor will return “Yes” if the robot’s center is over a target
area, defined in the map XML document. In the competition, the target area is a circle with a

radius of 2.0 units.

3.3.4 - Robot-Robot Communication

The DCOSS version of Ciber-Rato was meant to encourage information exchange. To
achieve this, a robot-robot communication feature was implemented, only on this version,
which allows messaging between robots. They are not directly peer to peer. Instead, the
messages are sent via the simulation server (through UDP protocol, similarly to the motor
power orders) and broadcasted to every robot. This feature allows every robot to receive all
the information and decide itself whether to use it or not. To approach real situations, only
robots within 8 units of distance of the emissary robot will receive the message. It is possible
to send a message of a maximum of 100 bytes but, on the other hand, it is possible to receive

a total of 400 bytes at once.

3.3.5 - Map and Wall Modeling

It is possible to load, from an external flat file, the map, in XML language. The map outer
limits are a rectangle which is defined by height and width information. Inside the limits
there can be walls which are defined by the coordinates of their corners and its height. For
competition purposes, a wall can have different heights, which affect the compass sensor of
the robot: if the wall is high the beacon will not be in the robot’s line of sight, thus disabling
compass sensor readings. An ordered sequence of consecutive corner coordinates (minimum

of three corners) defines a wall and one map can contain any amount of walls (Annex A).
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Figure 3.7 exemplifies a wall construction in XML and its representation, made by the Ciber-

Rato Viewer.

[...]

<Wall Height="1.00">
<Corner X="16.50" Y="10.00" / >
<Corner X="16.50" Y="5.50" />
<Corner X="21.00" Y="5.50" / >
<Corner X="21.00" Y="6.50" />
<Corner X="17.50" Y="6.50" / >
<Corner X="17.50" Y="10.00" />

</Wall>

]

Figure 3.7 - Ciber-Rato Viewer’s design of a XML modeled wall.

The wall is defined on the content of a XML file of a Ciber-Rato Map (on the left). Through
those six corners, the viewer can then graphically draw the wall, as shown on the print screen
of the Ciber-Rato Viewer, on the right. The wall is the blue, L-shaped piece. To adjust to the
competitions rules, a second XML file is needed (associated with the map) which contains
information characterizing the beacon’s position and the target areas (which activates the

robot’s ground sensor).

3.3.6 - Simulation Viewer

To visually follow the games, a simulator viewer was also developed, again in C++
programming language[32], using QT libraries[33].

Similarly to the robotic controlling agents, the viewer was also an external application
that connected to the simulation server with UDP protocol, under IP. To correctly initialize

the viewing the software must send the sequence of XML messages shown in Table 3.2.

Table 3.2 - Sequence of XML messages sent from viewer to simulation server, at initialization.

XML message Message purpose

Register itself with the simulation

1 <View/> S
server, as a viewing agent
2 <LabReq/> Request information reggrd map limits
and wall locations
3 <GridReq/> Request information concerning the

starting points of the robots
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Using the assumption that the agents are robots with the characteristics previously
explained, the visual appearance of the robots was made through the loading of a bitmap
image file. Also, assuming that there would only be three agents connected, a different
image was loaded, depending whether the robot’s Id was 1, 2 or 3.

Competition related information is also displayed: number of collisions for each robot,

elapsed time, robot score and the robot state (through allusive images), as illustrated in

Figure 3.8.

O Test 1 240 © o
TIME # Test 2 cHO O i
gyn f) Test 3 alh ¢ 0

Figure 3.8 - Original "Ciber-Rato" Viewer information display

Additionally trough the information display, the viewer is also capable of some simulation
orders. It can start and stop the simulation and remove any specific robot from the
simulation. Removing a robot, aside from stop drawing in the viewer screen, the simulation

engine will then skip collision verification and sensor information calculation.

3.4 - Summary

The chapter gave an overview on status of the robotic simulation state of the art by
present some important projects, such as Robocup, Gazebo/Player Project, UsarSim and the
Microsoft Robotics Studio. Since the key topic is intelligent wheelchairs, more focused
literature review revealed the Bremen Autonomous Wheelchair and the Vehicule Autonome
pour Handicapés Moteurs (VAHM) projects.

The main section of this chapter was the Ciber-Rato simulator presentation. Both versions
of Ciber-Rato (Micro-Rato and DCOSS) have already implemented some features as noise in
sensor readings, which is very important in IW realistic simulation. However, the main
setback with the adoption of “Ciber-Rato” as the base simulation environment is the lack of
flexibility in parameterization of the robots’ characteristics. In fact, the main requirement of
an IW simulator is to be able to simulate and handle wheelchairs of different dimensions as
well as different sensors and their location. The simplest example is the wheelchair’s body:
as “Ciber-Rato” simulates only circular robots it is unfit for wheelchair simulation for the
error of rounding a rectangle (with its height and width parameters) to a circle if too great.
Moreover, originally, there is no form of setting different radius for different robots, which

means that all wheelchairs would have to be the same size.
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This scenario justifies the need for an IW-specific simulator that is generic enough to
model a wide variety of IWs and their sensors. In addition, the study revealed that Ciber-Rato

is a good base for the functionalities needed.
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Chapter 4

Intellwheels Simulator

The main objective of this project was to develop simulation software to function as a
test board for control algorithms for intelligent wheelchairs. Converging with the larger
project it is inserted into (described in Chapter 2), the software was designated as
“Intellwheels Simulator”.

As core functions, this application creates a virtual world, complete with map definition,
where robotic agents can connect to. The simulator regulates the connection attempts,
handles the communications and returns to the agents the perception of the world, similarly
to what a real robot would get from the real environment around it, through its sensors.

The robot control software should treat the awareness information not discriminating it
from real or simulated, therefore producing the result independently: it produces orders
every connected actuators, being real or virtual. This scenario leads to the subject of reality
definitions. In fact, the usage of the same software for real situations as for virtual tests,
suggests a leap forward into the augmented reality concept, in which virtual world objects
interact with the real world.

This chapter will go through the simulator’s conceptual architecture, including how the
support for mixed reality was implemented. It goes through the modifications made to Ciber-

Rato simulation environment and the new algorithms implemented to correctly simulate IWs.

4.1 - Architecture

Being essentially based in the Ciber-Rato source code, the Intellwheels Simulator has its
main basic architecture. Conceptually it is illustrated in Figure 4.1.

In a higher abstraction level, it consists of a central simulation server to which every
agent, independently of its type, will connect to. Furthermore, to have a structure as

modular as possible, the agents are external applications, developed in any kind of language
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and running in any type of operating system, must connect via IP and UDP protocols. Through

this obligation, the spectrum of possibilities for agent development is greatly broadened.

Viewer Agent 1 Viewer Agent 2

Virtual Sensor Collision UDP/IP
Value Calculation Detection communication

Motor Modeling
& Robot Position
Calculation

XML Message Robot Body Virtual World
Parsing Modeling Modeling

Simulation Server

Virtual Virtual Real

Wheelchair Wheelchair Wheelchair Door Agent
Agent 1 Agent 2 Agent 1

Figure 4.1 - Intellwheels Simulator's architecture

The simulator server is responsible for all calculations concerning simulation (collision
detection, position calculation, wheel motor emulation and world perception sensors’
values). It is also the assurance of communications between every intelligent agent
(independently of their type). Viewer agents are able to graphically draw the modeled world,
as the simulator sends them map definition, and robotic agents’ positions. These agents, on
the other hand, have a more intense interaction with the server. They not only receive
information concerning their virtual sensors’ perception but also need to send power input
orders to their virtual motors.

The physical implementation of this architecture resulted in the usage of laptop
computers. They house the simulation and agent applications, which connect through a Wi-Fi
wireless network under protocol 802.11g and cabled Ethernet connections, as illustrated in

Figure 4.2.
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Figure 4.2 - Technology implemented for Intellwheels simulation.

The core of the system is a central computer that runs the simulator server, to which
every agent application connects to. The information exchange is made through XML
messaging which ensure human and machine-readable content.

The system is composed by a simulator server, which can be a Linux OS or a Windows 0S
(although, during this project, it was only compiled a Windows version of Intellwheels
Simulator). It sets a UDP listen port, to which it will await agents’ registration requests.
Through specifically ports, attributed individually to each agent, it sends information of their
concern: sensor perception (in case of robotic agents) and map, collisions and positioning
information (in case of viewer agents). The simulator is also capable of accepting incoming
messages to these ports to update the simulation: robot action orders and simulation

commands from the viewers.

4.1.1 - Augmented Reality Theory

By definition, augmented reality (AR) is system that allows interaction between real and
virtual objects, in a real world[34]. An AR system will synchronize both realities with each
other thus ensuring consistency in information merging. Moreover, the concealing must be in
real time in order to allow the direct association between virtual and real data.

The conceptual gap between virtual reality (VR) and augmented reality is filled with

sublevels of mixed reality definitions[35], as portrayed in Figure 4.3.
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Mixed Reality

Real Augmented Augmented Virtual
Environment Reality Virtuality Environment

Figure 4.3 - Real to Virtual continuum

In real environment there is no interaction what so ever between the physical objects and
computer generated information. The System is composed solely by its real objects (walls,
tables, chairs, etc.) and perceptions (sonar sensor readings, VGA cameras, etc.).

A similar consideration can be made to the purely virtual environment. A system is
mathematically modeled and the entire perception of the world is limited to what the virtual
data contains. Every influencing parameter is calculated within a computer and the results
are based entirely on the initially programmed information. In the middle of the virtual and
the real worlds there can exist blended reality constructions.

In an augmented reality situation, the world is expanded with virtual data. An intelligent
agent (e.g. a human person) is able to alter their decisions based on this additional
information. A maze solving attempt is an example on where the virtual information would
affect the real world. If a person had entered a known building floor and was to go to room 1,
shown in Figure 4.4, the choice on which side to go to would be through the left, shorter

path.
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Room 1

Left Right
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Information Screen
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Entrance
Figure 4.4 - Maze example.

In reality either side will take the subject to its destination, although one path is
preferred to the other. In spite of this, if the person was to be informed, by a visual screen at
the entrance, that the corridor to the left was blocked due to repainting work in progress, he
would chose to take the path to the right. The information received is taken as true, although
it may not, thus turning virtual information relevant in the real world.

Conceptually, the augmented virtuality is very similar to the augmented reality, with the
differentiation that the influence, in this case, is made by the real world, affecting the
virtual workflow. The undergoing virtual process, generated by the computer is disturbed by
real world perceptions, therefore adjusting itself to the data received.

The aggregation of the augmented reality and augmented virtuality sets the definition of
mixed reality. The two-way interaction of the concepts creates a richer environment where
both worlds gain additional information and, as consequence, can produce better judgments

in decision making stages.

4.1.2 - Mixed Reality Support

An important part of the simulator is its capability of admitting the connection of
different robotic agents. Specifically, it is possible to distinguish an agent that controls a
virtual IW from an agent the controls a real IW ergo, there simulator can register two types of
robotic agents: “Real” and “Simulated”.

If a type “Simulated” robotic agent connects to the server, it will treat it as a controller
for a purely virtual robot. The simulation will then provide it with the world perception,
through the modeled virtual sensors. It will also accept incoming XML messages containing
actions that set the desired input power to be given to the motors which, consequently, will
be a parameter that the simulation engine itself will use to calculate the robot’s following
position. It is a completely virtual environment.

In a case where the robot’s type is “Real”, the simulator will regard this agent as an

application controlling a real IW, in a mixed reality mode. It is expected that the agent
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provides the simulation with the IW’s X and Y coordinates (in meters) as well as the angle (in
degrees). This allows the virtual world modeled in the simulator to expand with information
concerning the real wheelchair. On the other hand, knowing the real wheelchair’s position,
direction and physical characteristics, the simulator can virtually insert sensors on to it and
calculate their values. As an example, the simulator could detect the proximity of the real
wheelchair to any other object in the simulation, being virtual or real, like another IW. In
sending this new data to the real wheelchair, the simulator is augmenting its reality
perception, now acknowledging more information than it could by itself.

This kind of scenario confers the simulator a mixed reality support characteristic that
greatly increases the testing capabilities of the software. The IW prototype numbers and costs

are no longer obstacles in cooperative and complex experimentations.

4.2 - Programming Technologies

Being based in Ciber-Rato, the Intellwheels simulator is in C++ language. It also uses a set
of libraries, with special classes and functions: QT libraries from Trolltech[36]. These libraries
are cross-platform (in the sense that they can be used in various operating systems, including
Windows and Linux) and provide various class libraries that aid in the low level functions,
allowing a higher level of programming. Visual graphic drawing is an example of the
contribution that QT made, with cutting time spent on, for example, window and button
creation.

Since all the other software applications developed for the Intellwheels Project have been
and are being developed under Windows OS, this simulator project should follow the same
pattern. This ensures better computability between interacting software and reduces the
combined diversity of programming software requirements.

To code and compile under windows it was used the Microsoft Visual Studio C++
integrated software. Not only does this software provide a simple to use programming

environment, it also allows direct QT integration, valued ability in these circumstances.

4.3 - Modifications to Ciber-Rato

Although already including a wide range of robotic simulation requirements’, the Ciber-
Rato by itself is not IW simulating ready, in the sense that it does not fully meet its needs,
hence the need for modifications.

Main alterations were done in every function that related to the robot’s body definition,
starting from the body itself. Changing from circular body to a rectangular one imposes
algorithm modification to various modules, mainly collision detection, angular speed and

sensor value calculation.
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4.3.1 - Robot Body

Intellwheels simulator assumes that all robots have a rectangular form, with a
configurable height and width. The original “Ciber-Rato” simulators’ robots were circular and
with a fixed radius. The error created by approximating a wheelchair’s shape to a circle is too

great, therefore not even modifying the software to allow adaptable radius would produce
satisfactory results, as shown on Figure 4.5.

Figure 4.5 - Overlaps of a rectangle shaped robot with a circular shaped one.

Moreover, a wheelchair does not have its center of movement where the center of the
physical form. Instead, it is near the rear of the robot, where the axis of the wheels is. On
both wheelchairs, as in most of wheelchairs available in the market, the center is on half of

its height and on between 70%~90% of the robot’s width, as exemplified in Figure 4.6.

COM*Width
Lo
””” ~
- =
= 3
o)
<l 0 ® T
I
-

Width

Figure 4.6 - Virtual Body for modeled by Intellwheels simulator.

The robot’s Center of Movement (COM) ranges from 0.00 to 1.00 and defines the position
of the robot’s wheels’ axis, relatively to its width. A COM of 0.8 would set the axis closer to
the rear of the robot whereas a COM of 0.5 would set the axis would set it in the center of
the robot. This point, where the axis of the wheels meet the half of the robot’s height will be
referred to as the 