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Resumo

eleoperacdo de Veiculos Terrestres ndo Tripulados esta dependente de varios factores devido
ao facto de que o operador humano esté fisicamente separado do robd. Esta tese foca-se em
situagBes em que o veiculo perde a tragdo e o robd é incapaz de cumprir os comandos do
operador humano. Em situacdes como esta, a falta de consciéncia sobre a situacdo do robé pode levar
a uma resposta incorreta e ineficiente ao estado atual do veiculo, geralmente confundindo e frustrando o
operador humano. O uso exclusivo de informacéo visual para executar simultaneamente uma tarefa e estar
ciente de possiveis impedimentos a operacgdo do veiculo, tal como a perca de tragdo, pode tornar-se uma
tarefa muito exigente para um unico operador humano. Nesta tese, aborda-se o desafio de descarregar o
canal visual recorrendo a outros sentidos humanos para fornecer uma informacdo multimodal durante a
teleoperagdo. Para atingir este objetivo, apresentamos uma arquitetura de teleoperacdo integrando (1) um
modulo detector de tracdo, para discriminar percas de tracdo, e (2) uma interface haptica para transmitir
0 estado de tragdo do robd ao operador humano através de diferentes tipos de estimulo tactil, recorrendo
a trés dispositivos hapticos (E-Vita, Cilindro Rotacional e Luva Vibrotactil). Também séo relatados os
resultados experimentais de um estudo com utilizadores para avaliar até que ponto esta hova modalidade
melhora a compreensdo dos participantes em relacdo ao estado de Tracdo do rob6. Foram encontrados
resultados estatisticamente significantes para afirmar que dois dos dispositivos hapticos melhoraram a
compreensao do estado de tracédo do robd.

Palavras-chave: Novas Interfaces e Modalidades de Interacdo; Compreensdo Multimodal da Situacéo;
Design de Robds Centrado no Utilizador; Interagdo Homem-Maquina Héptica; Fatores Humanos; Tele-
operacdo de Veiculos Terrestres ndo Tripulados.






Abstract

human operator is physically detached from the UGV. This thesis focuses on situations where

the UGV loses traction, thus becoming unable to comply with the operator’s commands. In
such situations, the lack of Situation Awareness (SA) may lead to an incorrect and ine [cieht response
to the current UGV state usually confusing and frustrating the human operator. The exclusive use of
visual information to simultaneously perform the main task (e.g. Search and Rescue) and to be aware of
possible impediments to UGV operation, such as loss of traction, can become a very demanding task for
a single human operator. The challenge of unburdening the visual channel is addressed by using other
human senses to provide multi-modal feedback in UGV teleoperation. To achieve this goal is present a
teleoperation architecture comprising (1) a laser-based traction detector module, to discriminate between
traction losses (stuck and sliding), and (2) an haptic interface to convey the detected traction state to
the human operator through dilerkent types of tactile stimuli provided by three haptic devices (E-Vita,
Traction Cylinder and Vibrotactile Glove). It is also reported the experimental results of a User Study
to evaluate to what extent this new feedback modality improves the user SA regarding the UGV traction
state. Statistically significant results were found supporting the hypothesis that two of the haptic devices
improved the comprehension of the traction state of the UGV.

Teleoperation of Unmanned Ground Vehicles (UGV5s) is dependent on several factors as the

Keywords: Novel Interfaces and Interaction Modalities; Multi-modal Situation Awareness; User-Centered
Design of Robots; Haptic Human-Machine Interaction; Human Factors; Teleoperation of Unmanned
Ground Vehicles.
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1.1 Motivation

Teleoperation of Unnamed Ground Vehicles (UGVs) allows the human operator to explore and act
on remote environments. However, the fact that the human operator is physically detached from the
UGV raises several challenges. One particular challenge consists in providing an e ective awareness of
the robot situation, known as Situation Awareness. This thesis focuses on the problem of dealing with
situations where the UGV loses traction and is unable to comply with a human operator's commands.
In these situations, awareness of traction loss is compromised by the physical detachment of the operator
with respect to the UGV.

The concept of Situation Awareness (SA) was formally de ned by Endsley [1] as a person's
perception of the elements of the environment within a volume of time and space, the comprehension of
their meaning and the projection of their status in the near future. This de nition of SA, characterizes
an understanding of the environment's state and its parameters, that can be divided into three levels of
SA. Perception (Level 1 SA), is the rst and lowest level of SA, in which a person is capable of perceiving
the relevant information provided by the system. Comprehension (Level 2 SA), is the second and middle
level of SA, in which a person is capable of understanding the perceived information and integrate it with
the operation goals. Projection (Level 3 SA), is the last and top level of SA, in which a person is capable
of predicting future events and system states, based on the previous comprehension of the system and its
environment, ...allowing for timely and e ective decision making [1].

In situations where the UGV loses traction, the lack of SA can lead to an incorrect and ine cient
response to the current UGV state, usually confusing and frustrating the human operator [2]. In these
circumstances, it is fundamental to have interfaces that can provide the relevant SA information when
needed, without distracting the operator from its main task (e.g. Search and Rescue). Interfaces that
exclusively use visual information can become challenging to human operators in situations where the
robot is unable to comply with the given commands, such as loss of traction, as it requires the extraction
of information based on subtle visual cues to estimate the current situation. Furthermore, only having a
visual interface may hinder the perception of relevant information, and clutter the image provided by the
on-board cameras, which is needed to search for victims. One way of reducing the burden on the visual
channel is to use other human senses and provide multi-modal feedback in UGV teleoperation. In this
thesis visual and tactile modalities have been used.

Teleoperation of mobile vehicles extends the human cognition to remote and hazardous environ-
ments. These environments can include Urban Search and Rescue (USAR) scenarios, in the case of
RAPOSA-NG [3], but also the Moon, Mars, and other orbiting bodies, as a future application. Provid-

1



1. INTRODUCTION

ing an e ective Situation Awareness in these conditions is crucial for on-orbit human teleoperators to
be able to drive the UGV and perform tasks, such as remote assembly on planetary surfaces. In these
environments, the locomotion of the robot serves as a base element for exploration and manipulation
tasks, thus, is essential to ensure full mobility of vehicle at all times, including in situations were it loses
traction and it is unable to comply with the given commands. The addition of human cognition to the
usual autonomous approach in this kind hazardous and unpredictable environments is a valuable asset
to ensure the success of task completion. Therefore, ensuring the Situation Awareness of the human
operator concerning the robot's situation is a fundamental factor toward task completion. In this thesis,
RAPOSA-NG was the used research platform and the extension of the developed work goes beyond the
use of teleoperation for the search of victims.

Figure 1.1: RAPOSA-NG, a tracked wheel search and rescue UGV prototype.

1.2 Thesis Objectives

The Objectives to be achieved with thesis were:

Objective 1: Develop a detection algorithm capable of detecting losses of traction and discriminate the
corresponding traction states using the given tracked wheel odometry and laser-based odometry.

Objective 2: Iteratively develop di erent haptic devices capable of providing the traction state of the
UGV to the human operator, exploring di erent types of tactile stimuli in each device and providing
di erent patterns for each detected state.

Objective 3: Perform a user study to quantitatively evaluate the Situation Awareness (SA) of the users,
regarding the traction state of the robot with and without the haptic devices and quantitatively
compare those.



1. INTRODUCTION

1.3 Major Contributions
The major contributions of this thesis are:

1. The development of a traction detection module capable of detecting traction loss regarding position
and orientation, and classi ed the detected traction state as normal, stuck or sliding. The traction
detection and classi cation is based on determining whether there is a mismatch between the
expected motion, given tracked wheel odometry, and the actual motion, given laser-based odometry.
Whenever a signi cant mismatch is found, the traction situation of the robot is computed, following
the situation classi cation;

2. The development of three haptic devices to convey the estimated traction state to the human
operator resorting to tactile stimuli. These devices are capable of providing di erent haptic patterns
according to the detected state. In particular, it is explored three types of tactile stimuli: (1) friction,
using a rotating cylinder in contact with the operator's hand, (2) vibration, using a vibrotactile
glove, and (3) texture, using a texture rendering device. The integration of the haptic devices on
the teleoperation system of RAPOSA-NG (Figure 1.1), a tracked wheel search and rescue UGV
prototype, which included the physical construction of the above-mentioned friction and vibration
devices;

3. The description of a detailed user study to evaluate the three haptic devices, in comparison with
the exclusive use of the visual channel, involving the teleoperation of RAPOSA-NG on locomotion
challenging scenarios. The presented user study intends to answer two research questions:

Q1 Does the addition of haptic feedback to the exclusively visual interface improves the user SA
regarding the UGV traction state? ;

Q2 Which of the presented haptic devices can better convey to the operator the traction state of
RAPOSA-NG?.

The experimental results allowed to answer the rst research question. An improvement was found
when using the Vibrotactile Glove and the Traction Cylinder regarding comprehension of the UGV's
traction state, with respect to the exclusively visual modality. Regarding the second research ques-
tion, no supported answer was obtained. Although it was found a statistically signi cant improve-
ment of SA, regarding traction state, using the Traction Cylinder (VC) and the Vibrotactile Glove
(VB) when comparing to E-Vita (VE), no statistically signi cant di erence was found between VC
and VB.

As far as it is known, this is the rst work that tackles traction loss in teleoperated UGVs, by
providing tactile feedback to human operators.

1.4 Thesis Outline

This thesis is structured as follows:

Chapter 2 Background and State of the Art presents a brief description of the background and a
succinct summary of the state of the art. The described background compromises a description of
RAPOSA-NG, the UGV utilized during the development of this thesis, a description of the concept
of Situation Awareness, and an introduction to the eld of human-machine interaction. Finally, a
brief introduction and description of teleoperation of mobile robots is presented, its applications,
challenges and previously proposed approaches;

3



1. INTRODUCTION

Chapter 3 Traction State Detection presents two di erent methods to detect traction loss and its
classi cation. The rst method resorts to the calculation of velocity values to compare the mismatch
between the expected motion and the actual motion of the UGV, while the second Method resorts
to the calculation of displacement vectors;

Chapter 4 Haptic Devices presents the project requirements, a brief description of the proposed con-
cepts of haptic devices and its implementation. It is also described in detail the development of
three haptic devices capable of providing di erent types of stimuli to human operator accordingly
to the detected traction state of the UGV. Two of the presented devices (Traction Cylinder and
Vibrotactile Glove) were implemented and integrated by the author while the third device (E-Vita)
solely the integration with RAPOSA-NG system was performed,;

Chapter 5 User Study  describes in detail the design of the user study, its implementation, apparatus,
and method, including a description of the population, the implemented procedure, and the obtained
measures. The performed user study intends to evaluate the three haptic devices, in comparison
with the exclusive use of the visual channel and answer two research QuestionsQ{) Does the
addition of haptic feedback to the exclusively visual interface improves the user SA regarding the
UGV's traction state? and (Q2) Which of the presented haptic devices can better convey to the
operator the traction state of RAPOSA-NG?;

Chapter 6 Results and Discussion reports the Results of the performed user study and its Discus-
sion. The obtained results include a statistical analysis of the SAGAT data. This analysis compares
the use of haptic feedback with the exclusive use of visual feedback. It is also reported the results
of a statistical analysis concerning the obtained qualitative data from the post-trial questionnaires.
Finally, the results of the statistical analyses are interpreted and discussed. Furthermore, it is
presented a brief compilation of the comments made by the participants during the user study,
concerning the di erent haptic devices.

Chapter 7 Conclusions  presents the conclusions of this thesis and a few suggestions for future work.
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succinct summary of the State of the Art is performed , in Section 2.4. In Section 2.1 it is

described RAPOSA-NG, the UGV explored during the development of this thesis, its current
features, and limitations. In Section 2.2 is presented the concept of Situation Awareness, its assessment
and the used technique during the user study. In Section 2.3 is performed an introduction to the eld
of human-machine interaction, a brief description of the cognitive senses intrinsic to the human haptic
channel and possible applications of haptic interfaces. Finally, in Section 2.4, it is presented a brief
introduction and description of teleoperation of mobile robots, its applications, challenges and previously
proposed approaches.

T his Chapter presents a brief description of the Background, in Sections 2.1, 2.2 and 2.3, and a

2.1 RAPOSA-NG, a Search and Rescue UGV prototype

Figure 2.1: RAPOSA-NG, a tracked wheel Search and Rescue UGV prototype.

RAPOSA-NG is a tracked wheel Search and Rescue UGV prototype, designed to operate in out-
doors hazardous environments. This UGV was also designed to perform a teleoperated detection of
possible victims. The robot is equipped with two cameras, a LIDAR, and IMU sensor. These sensors
provide information regarding the robot status, including robot and stereo camera attitude, battery level,
and network latency. The LIDAR is installed on top of a tilt & roll structure acting as gimbal stabilizer to
maintain the laser scans in a horizontal plane and increase the robustness of the mapping while traveling
in irregular terrain.
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