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Abstract
In direct teleoperation the interface is vital to control a robot. Often it
is reduced to a simple controller and the feedback provided by a camera
stream in a monitor which leads to poor results.

A telepresence system combined with a Free Look Control is proposed
to increase the result in terms of situational awareness, usability and
comfort. The telepresence system provides the sense of depth to the op-
erator in several manners. Free Look Control replaces Tank Control as
control mode, in which the robot can be driven in any direction and the
operator takes the control of the camera. A synergy is found when both
features are implemented together as their advantages are increased. In
addition a multi-camera setup is created, in order to build the 3D envi-
ronment shown to the operator, which is calibrated in an automatic way.

The two different control modes are tested and compared by several
people. The outcome shows how the inclusion of these characteristics
improve the result of the teleoperation in a visible way.
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Chapter 1

Introduction

Teleoperation of robots is critically dependant on the interface that links machine
and human, as it has a great impact in the result. Poor displays or inappropriate
control inputs contribute to cognitive fatigue and operator error [1]. The control
part of the interface determines which commands can be sent by the operator and
how the robot is affected by those commands. At the same time, the feedback part
of the interface provides a view of the result from those commands to the operator
so new decisions can be made.

One of the most common interfaces for teleoperation is the one in which a cam-
era is deployed in the robot and a video stream is directly sent to the operator.
Sometimes this interface can lead to a loss of situational awareness, inaccurate al-
titude judgement, and failure to detect obstacles [2]. Additional data in different
formats can be added but a high experience person with knowledge from different
fields is needed to operate such system [3].

Different reasons are found in this kind of interface which reduce the situational
awareness: Firstly, the depth information is lost; when the video stream is shown
in the screen the operator knows very little about how far the different objects are
to the robot.

Secondly, the information shown is partial. This information retrieved by the robot’s
sensors does not cover the whole environment around the robot. In some systems
several cameras are used to offer a broader view of the environment [4][5], but often
the information is shown in different displays. Thus, the attention of the operator
is reduced and divided between multiples screens. Therefore it would be beneficial
if the information of several cameras would be merged and combined into only one
screen.

Thirdly, a controller can set different constraints in the way the robot is moved.
In an usual control mode, as Tank Control, the robot can only be translated in the
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CHAPTER 1. INTRODUCTION

same direction that the camera is pointing. Also, the operator must move the robot
in order to look to different parts of the environment instead of moving the camera.

It is also important to minimize the requirements on the user experience with robot
control. The use of teleoperated robots in other fields has increased and thus the
user’s skills are often not related either with robotics or teleoperation, therefore a
simple control of the robot is also essential in teleoperation. The interface must
provide a simple, natural, comfortable, and transparent control of the robot in or-
der to decrease the cost spent in training, reduce the time spent in a duty, improve
the efficiency and the final results of a task, and increase the number of people who
could learn how to use the system.

A teleoperated system is designed, implemented, and evaluated in order to solve
those problems, in which the control and the feedback parts of the interface are
changed. The video stream is replaced by a telepresence system in which the depth
is also perceived. The complete environment is built and can be visualized, instead
of showing a partial view of it. The screen is replaced by a head-mounted display
which achieves a similar experience to the human visual perception.

The virtual environment is created using the different video streams provided by
several cameras placed in the real one. The camera poses are unknown but must
be discovered in order to merge the different video streams into the virtual environ-
ment. This calibration is performed by using the information of a detected marker
when it is contained in the fields of view of two cameras.

In the control part of the interface, the Tank Control mode is replaced by a Free
Look Control mode. This new control mode allows the user to drive in any direc-
tion, removes the previous disadvantages of TC and provides independent inputs
for moving the robot and the camera. In the thesis evaluation part both modes are
compared in terms of comfort and usability.

1.1 Related Work and Background

It is important to choose an interface which is easy to use and in which the user
can quickly understand how it works. For that purpose it must be operated in a
natural way, i.e. a way that the user is familiar with, thus almost no instructions
about how to use it should be required. This is needed in many different fields such
as games, mobile apps, computer programs, or concretely in robotics.
In the concrete case of robot teleoperation, the interface can affect the performance,
the time spent in a task, the comfort, and the usability. Sometimes experts from
other fields need to use a robot to perform a certain task in which the specific
knowledge of the person is vital in it, therefore an autonomous robot can not be
designed for that task and the expert is the one who need to take the control of
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the robot. The usability is then an important factor so more people with different
knowledge can access to this technology. In the following examples different robotic
and VR systems are used by these experts in various areas:

Medicine is one of the biggest fields which is taking advantage of teleoperated sys-
tems. The purpose of the system is usually to improve the performance of previous
methods by adding a robotic system with higher precision than a trained person.
Teleoperated robotic systems are getting common for microsurgery and minimally
invasive surgery [6]. Virtual Reality is used as well in medicine -sometimes along
with a robotic system- for augmented surgery [7], training purposes [7][8], and sim-
ulations [8], providing a more complete knowledge of the situation. Comparing the
results between the previous methods and the new ones, in which a robotic system
is used, big improvements are usually obtained -e.g. the results in precision can be
multiplied by a factor of 50 in the case of a drilling operation of the femoral bone [6]-.

In other cases, the system is used because the doctor and the patient are not sit-
uated in the same place. Approximately the 90% of the knowledge a physician
requires can be obtained through electronic means [9] and transmitted afterwards.
Surgerys can be benefited as well, although a good connection with low delay and
good quality is needed [6]. More benefits are obtained by using a teleoperated sys-
tem as minimizing the risk of harm to the surgeon in dangerous environments or
the risk of an infection [7].

A low autonomy level has to be employed in surgery because of the many dif-
ferent situations and behaviours that can be occurred in the human body [6], i.e.
the human presence is necessary. Therefore all the important decisions are taken
by specialists and thus providing them very high quality information is crucial.
They need a simple interface to control the instruments, which must be operated
in a similar way to the usual way done in a normal situation. Stereo vision and
force feedback devices are often included in the interfaces [6][7], as those ways of
obtaining information are closer to the way of sensing while performing a normal
surgery.

Military is another field widely known by using teleoperated systems. In this case
the main reason is often to protect people from the high risk of danger in different
operations. In many cases, moving the robot is the most important part of the task
and the time spent on it is decisive for reaching success. It is vital then to spent
the least time possible gaining situational awareness of the terrain.
Different purposes are found in the teleoperated systems used in military. In [10] a
type of robot can be operated for the reconnaissance of unexploded explosives in a
distance of 3 km or with fiber. Other types are specially made for the manipulation
and deactivation of them [4]. More applications as retrieving casualties in battle
[11], or detection of chemicals, gas or radiation [10][11] are also found.
Similar systems are used for other purposes as rescue of people when a building
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or several buildings have collapsed [12], and in cases of a nuclear disaster like
Fukushima accident in March 2011 [5][13] in which the robots can be used for
recognition, cleaning, or measuring purposes between others. In these cases the
location where the robots are operated is known, so this information could be used
for improving the operator knowledge; if cameras or other sensors are found inside
the building their information could complement the information provided by the
robot sensors.
For those military, rescue, or recognition purposes, a camera is mounted in a robot,
and the camera images are transmitted through a very short distance radio link or
a fiber connection in order to achieve the required level of quality in the communi-
cations. In some cases, several cameras are placed on the robot, and the different
camera views are shown often in separated displays [4][5].

Some projects are focused in improving the visualization part in the teleopera-
tion of robots: In [14] a very similar approach and the objective of improving the
visualization is also found for a high level autonomy robot while an environment is
created merging both a camera stream and past samples of the same camera. The
importance of improving the visualization is pointed out as a way to simplify the
operator task. In [15] augmented reality is used to improve the teleoperation in
which the performance of non experts can be enhanced. In [16] augmented reality
is also used for overcoming the limits in visualization of the operator. In these
projects, the results for various tasks are improved by just changing how the scene
is visualized by the operator.

Another approach to improve the performance is to change how the robot is con-
trolled. Using a simple controller the operator controls the forward speed and
rotation of the robot. Thus the freedom of the operator is reduced because moving
sideways is not possible. With a more complex controller it is possible to add this
option and allow a better perception of the environment as well.
In [17] the Free Look control mode is also programmed in a robot with a mounted
camera. One of the advantages stated is the huge number of people that is already
using this control mode in the field of video games, which could then easily operate
a robot with the same control mode. How the robot is controlled is also pointed as
a way to achieve a higher level of situational awareness.

There is also related work in calibration. Reference object-based calibration is
performed by using an object with a known pattern, being a 2-D object more com-
mon as it can be easily printed [18], in this case various disadvantages are found as
the object must be moved by hand and, when several cameras are used, the object
must be placed in the field of view of every camera which sometimes is not possible.
In [19], multiple cameras are calibrated by using a laser pointer. In this case this
object does not need to be seen from every camera. The process takes a few minutes
and the laser pointer must be moved for taking enough samples.
In [20], non-overlapping cameras are used to recover the trajectory of a target in
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1.2. SCOPE AND AUTONOMY

which the calibration is made by using an estimation of the target motion. This
method works by having a prior knowledge about the object dynamics.
Other systems uses uncalibrated cameras, which are self-calibrated after the start of
the application. Such systems are often used for tracking people or objects for the
surveillance on a site, and the necessity of several cameras is pointed out because
one single camera is not sufficient to cover completely the whole place [21][22]. The
ability for humans to watch multiple videos is limited [21] and therefore the analysis
of multiple video streams by an human might not be the optimal solution for the
surveillance.
In [22], cameras separated by a long distance are self-calibrated. Moving objects are
detected in the different views and used to determine an alignment of the ground
plane. With this information and the internal camera parameters, the relative
positions of the cameras and the location of the ground are retrieved. The corre-
spondences of the objects detected in the cameras are found by using a least median
of squares algorithm.
In [23], two cameras are also self-calibrated and three blobs, the two hands and
the head of a person, are tracked. In this case, the person must face both cameras
in order to retrieve the correspondences uniquely. By collecting several frames the
stereo calibration is computed using the various pair of blob positions.
In [21], several cameras are used to track people. The overlapping fields of view of
camera pairs are calculated and their limits are used to match a person in different
cameras. These limits are retrieved by using the information of the positions of a
person in two or more cameras when such person enters in the field of view of one
of the cameras.

1.2 Scope and autonomy

The election of the interface and the information that is required by the operator
are dependant on the autonomy of the robot. The higher autonomy, the fewer in-
structions are required for performing a task, thus less information is contained in
the connection between the operator and the system.

Higher levels of complexity in a task, decreases the autonomy of the robot. That
is because in very complex tasks or new situations the knowledge and experience
of a person is needed, as it can not be programmed. For such systems, the per-
formance of the system relies on the input provided by the operator. And thus,
an appropriate feedback is needed so the right decision can be chosen by the oper-
ator. Therefore in low autonomy systems the interface is decisive for the final result.

The thesis is focused in such systems in which for various reasons a person must
take the control of the robot. The distance and the bandwidth must be considered
because of the delay that can be introduced in the system in both ways. A high
delay makes direct teleoperation impractical [24] and thus a low distance and high
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bandwidth connection is crucial in order to achieve a low delay.

1.3 Contributions
The visualization of the scene is subordinated to the information provided by the
cameras. Showing the whole environment is complicated as each camera can of-
ten cover only a part of the scene. In some systems several cameras are used, but
often their information is shown in different displays [4][5]. The attention of the
operator is then split, making it hard to focus on the task. In the thesis the infor-
mation of different cameras is merged. The cameras and robot poses are obtained
and updated automatically so the different views are merged in the 3D environment.

Both more freedom in the visualization and in translation are achieved by imple-
menting FLC. A robot with FLC would use a camera mounted which would move
depending on the user input. In the thesis the robot does not have any camera
and the 3D scenario is used for providing the visual information. Thus, the FLC
is programmed along the VR. In addition, another FLC is built based on changing
physical components of the robot.

1.4 Outline
In the next sections the project is explained into deeper detail. First an overview of
the system is written, after that the three main parts are described separately: the
calibration of the cameras, the telepresence system, and the two different control
modes. Each part includes its own theory subsection to introduce the topic as well
as its own method or result subsections. After that a practical test is performed
and its results about details related with the telepresence system and the control
modes are analyzed. At last the conclusions and the future work are written.
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Chapter 2

System overview

The system allows a person to teleoperate a wheeled robot by using an input device
-a gamepad or a keyboard- and obtaining visual 3D information of a telepresence
environment from an Oculus Rift.

The robot and a number of rgb-d cameras are placed in a physical space. The
data of the cameras is transmitted to a computer located in a different physical
place, in which the system is controlled by the user [Figure 2.1].

In the system, the data of the cameras is used to build the 3D environment, which is
shown to the user from the perspective of the robot position. The system is focused
to provide a high level of presence, situational awareness, comfort, and usability.

Figure 2.1: Each side is located in a different physical space. The feedback and the
control signals are exchanged.

The system is made of three main parts [Figure 2.2]:

1. A localization system which calibrates automatically the rgb-d cameras and
retrieves the pose of the robot.

2. A visualization system which creates and shows the telepresence environment
in a way to take advantage of the different ways of depth perception of humans.
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CHAPTER 2. SYSTEM OVERVIEW

3. A robot controller system which is in charge of converting all the operator
control signals and instructions into the robot motion.

Figure 2.2: System diagram.
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Chapter 3

System calibration

Two rgb-d cameras are deployed along with the robot in a real environment, but
the positions and orientations of both cameras and the robot are unknown. In this
section, the procedure to retrieve these positions and orientations by using the two
video streams is explained.

Three main objectives are found in this process:

1. Perform the calibration of the cameras, so in a posterior step their views can
be correctly merged in a 3D scenario.

2. Retrieve the location and orientation of the ground plane, so the environment
can be shown without a change in the orientation, i.e. the floor is flat without
any slope.

3. Detect and retrieve the position of the robot, so in a posterior step the scenario
can be visualized from the robot perspective.

3.1 Theory

This section introduces the basics of camera calibration in order to give a better
overview of the topic.

A camera model describes an approximation of the way the camera is mapping
points from a 3D world to the 2D camera plane. Usually the pinhole camera model
is used in which the camera is considered as an ideal pinhole camera:

A 3D point M =
[
X Y Z

]
and its projection in the camera plane m =

[
u v

]
follow the next rule [25]:
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s

uv
1

 = A
[
R t

] 
X
Y
Z
1

 with A =

α γ u0
0 β v0
0 0 1


where s is an arbitrary scale factor. A is the intrinsic matrix which contains the 5
intrinsic parameters; (u0,v0) the coordinates of the principal point, α and β scale
factors of the two axes , and γ which describes the skew of the two image axes.

R and t represent the rotation and translation of the camera and contain the ex-
trinsic parameters, each of them have 3 degrees of freedom which means a total of
6 degrees of freedom, i.e. 6 extrinsic parameters.

Camera calibration is the process of determining all the parameters of the transfor-
mation between the 3-D points into the 2-D points, by using the images from the
camera.

The intrinsic parameters represent the internal camera geometric and optical char-
acteristics while the extrinsic parameters represent the 3D position and rotation of
the camera to a certain world coordinate system [26] [27]. Therefore after a cali-
bration is performed, the intrinsic parameters can be saved and used again for that
camera, while the extrinsic parameters must be retrieved from another calibration
every time the camera is moved.

The calibration is usually performed by using an object whose geometry is known
with good precision. These techniques require the camera to observe a planar pat-
tern at a few different orientations to retrieve these parameters [18][28][29], and they
require a person holding the pattern to take different images with those different
orientations. 3D and 1D objects with a known pattern can also be used [18][30].
A detailed method of how the different parameters are retrieved can be found in [18].

In order to know the relative position and orientation of two different cameras
a calibration must be performed on both cameras at the same time, as the extrinsic
parameters must be retrieved from the same world coordinate system. Therefore
this process requires the calibration objects to be visible simultaneously in every
camera [30].

3.2 Method
It is desired to have a flexible system in which the cameras can be moved or new
cameras can be added without increasing the workload in the setup. Therefore a
solution which requires a person making a manual calibration with a calibration ob-
ject, each time a camera is added or moved, would be time consuming and infeasible.
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The process of calibration is separated for the intrinsic and extrinsic parameters:

In the case of the intrinsic parameters, only one calibration is needed for each
camera. The calibration is done independently for each camera and is saved and
re-used in future system setups. Moreover, the system uses kinect-like cameras in
which reasonably accurate focal lengths can be modeled by default so even without
calibration the model can be reliable enough [31].

Therefore the method is focused in obtaining the extrinsic parameters as the work-
load can be increased considerably in order to obtain those parameters for each
system setup. An automatic and fast way is desired in this process.

Augmented reality systems use detectors in which the pose of the marker can be
obtained in a fast way. This is needed as the position and orientation must be
retrieved in real time so it is possible to create a new image - by adding virtual
images in those positions to the real one - that is shown to the user few milliseconds
after it has been taken, so the delay is not noticed. Thus this kind of marker is used
to get the extrinsic parameters of the cameras.

ARToolkit markers are squared sized markers made of two colors -white and black-.
Every marker has two parts, a black square border that is common for every marker
and a white and black pattern inside it. The squared border is used for the first step
of marker recognition, in which the image is converted to binary, a search for squares
is performed and the external square is extracted. In a later step, the pattern is
extracted from the inside of each detected square and then it is compared with the
stored patterns for identifying which concrete marker has been detected. Using the
known marker size, the position of the four corners of the marker detected, the
pattern orientation, and the camera calibration data, it is possible to get with great
accuracy both the position and the orientation of the real marker relative to the
real camera [32].

Once this marker is detected by two or more cameras of the system, the pose
from the cameras to that marker is retrieved, i.e. their extrinsic parameters from
the same world coordinate system.

Even if the fields of view of two cameras are completely separated, it is possible
to get all the extrinsic parameters of a system with multiple cameras, as long as
each one is connected to another. In that case those extrinsic parameters are re-
trieved through several detections in which the calculated poses and the previous
extrinsics of one camera are used.

This marker can be placed either in the floor or in the robot. In the latter case
those detections take place while the robot is driven so the workload when building
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a new setup is barely increased.

The error was measured for two cameras in the same conditions that the system
was used in the experimental results. First the extrinsic parameters were calculated
in this way and then another marker in a different position was detected by both
cameras. No big differences were encountered for the pair of global coordinates of
that marker: a few millimeters in a distance of 1-2 meters in an cumulative error of
two detections [Figure 3.1].

Figure 3.1: The difference between the two frames is the error in the detection, two
markers are used, one to obtain the extrinsic parameters and another to compare
the error.

With this method the three previously mentioned objectives can be fulfilled: The
calibration of the cameras is performed, the ground plane orientation is retrieved
as the marker / world coordinate system has the same orientation, and the robot
pose can be calculated as a marker is placed on the robot [Figure 3.2][Figure 3.3].
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Figure 3.2: Camera poses visualized in rviz.

Figure 3.3: The poses of different objects (the cameras, the robot, and future aug-
mented reality objects) visualized in rviz

Sometimes the robot position can not be retrieved by the cameras because the
robot has moved away from the field of vision of each camera or an obstacle is not
allowing the detection, other times the robot position is not retrieved in a high
enough frequency. This leads to jumps in the position while driving the robot after
every short period without detections. Therefore in a last step the odometry of
the robot is taken into account to retrieve its position and orientation, and thus a
smooth trajectory is obtained and the jumps are erased.
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Chapter 4

Visualization System

In a telepresence system, the different objects, events, entities, and environments
are perceived as if the technology was not involved in this experience to some degree,
i.e. part or all of the individual’s perception fails to accurately acknowledge the role
of the technology in the experience [33]. Thus it could ease the interaction of non
experienced users with the machine as well as increasing the efficiency of the rest
of users.

The system incorporates telepresence by building a 3D environment from the camera
images. The depth information is provided to the user in different ways; a stereo
view is shown, and the user can interact with the interface by moving the head in
order to look to the sides. The aim is to provide a very close way of perceiving
the 3D environment to the normal visual human perception, in order to bring the
operator a natural and more complete way in the visualization of the scene.

In this section, the requisites for the visualization system, the different ways in
humans of perceiving depth, and how some of those are reached in this telepresence
system, are explained.

The robot is controlled by direct teleoperation, i.e. the decisions about where
the robot is moved are taken by the operator. Thus the robot has no autonomy
and obtaining information of the scene from a high quality visualization system is
therefore decisive. The environment must be observed in a easy and natural way
and the important details should be appreciated and located accurately by the user.
Problems to be solved are low levels of situational awareness, altitude judgement,
and failures in the detection of obstacles or objects.

These problems can be solved by using telepresence, in which the user is in some
sense being transported or present in a remote physical environment [34][35]. This is
done by covering the whole field of view of the user and providing depth information
in several ways.
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4.1 Depth perception

Different mechanisms are used by the human to get a 3D perception of the environ-
ment. For that purpose either one or two eyes can be used simultaneously. Even
if the depth information is mainly recovered by using two eyes; still with one eye,
information is provided by the brain using several methods.

Even when a fixed image is perceived some 3D information can be retrieved by the
brain. Different cues are used; such as occlusion -if an object view is blocked by
another object, then the one which is blocked is perceived as it is further away-,
several methods for size comparison -larger objects in general are perceived usually
as closer, also if two similar objects are perceived the bigger one is usually observed
as closer, in case a familiar object is recognized, depending on its size an idea of
its distance is also obtained by following this rule- [36], or perspective -two parallel
lines converge in an infinite distance, getting closer while the distance is higher, this
principle is also used for retrieving an approximate measure of how closer objects
are- .

More 3D information can be extracted by using one eye when a non static view is
perceived. Both the movements of the objects and the movements of the person can
be used to add additional information. This can be gotten by the same methods
than for a fixed image, in where for instance an object gets bigger while the distance
between the observer and the object is reduced [37]. The motion of the observer
provides also depth information in the so called monocular motion parallax: In
a small translation or in small changes of the angle of the head every object is
displaced, the higher the object displacement is, the closer the object is placed to
the observer [38][39].

In case that both eyes are used simultaneously, still the previous mechanisms are
used by the brain to retrieve depth information (e.g. occlusion [40]) and more can
be also added. The most important is the stereopsis [39]: When a real environment
is perceived by an observer, two similar but different images are processed in each
eye, as both eyes are separated by a small distance. The depth information is hence
perceived by using the disparity between both images in a process of triangulation.
Depth information is retrieved by this method for short-medium distances as for
long distances the disparity is often too low to be appreciated.

The most powerful cues for discriminating differences in depth are the stereopsis
and motion parallax [39] while the others provide a slight information or just can
rank different objects in terms of distance.
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4.2 The setup

A 3D environment is shown to the teleoperator, this 3D environment is created by
using several cameras placed in the real scenario.

A kinect type camera, i.e. RGB-D sensor, is the hardware used for obtaining the
depth data. An rgb image is obtained along with another image which have the
depth values or distance from the camera to every pixel in the image. A pattern of
infrared light is projected into the scene and afterwards the output is captured by
an infrared camera. This is correlated against a reference pattern and a disparity
image is gotten from the difference [41].

This information is converted into a 3D object in a virtual reality environment
by the Roculus application [14]. The depth image is used for creating the geometry
of the object, i.e. its shape is retrieved by calculating the 3D position of each pixel
in the image. In this step three variables are found -x, y, and z, relative distance
values to the camera-, which are calculated, by using the position of the pixel in
the image - xi and yi - and the depth value found in the depth image, following the
next formulas, where f is the focal length of the camera.

x = xi × depth
f

y = yi × depth
f

z = depth

The color values of the rgb image are overlaid afterwards in the geometry, thus
a partial view of the whole scene is created in the 3D environment. The complete
3D scene is created by merging each of the 3D partial views. The extrinsic param-
eters of the cameras are used to give the proper translation and orientation to each
of the views.

Small translation errors can be caused by inaccurate depth values retrieved from
the RGB-D sensors or an inexact calibration of the depth cameras, as it is shown
in [Figure 4.1]. This can be solved by adjusting manually the views only one time
after the application has started in case the error is noticeable but small and the
cameras are fixed. In [Figure 4.2] the scene is shown with no appreciate problems.

In the last step, the scenario created must be shown to the user. The VR envi-
ronment can be visualized from different perspectives and positions and the robot
perspective is used when it is driven. Afterwards the scene is rendered by using
Ogre3D[42], in it the stereo view, i.e. two different views -one for each eye-, of the
3D scenario is rendered. Distortion is also applied to accommodate the scene to the
human eye [Figure 4.3].
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Figure 4.1: Small translation error found when merging two camera views.

Figure 4.2: The information of both cameras is successfully merged in the VR.

The rendered scene is displayed in the Oculus Rift, a virtual reality headset that
allows the user to view a 3D scene. The head orientation data is tracked by the
headset and its information is used for changing the orientation of the perspective.
Therefore the VR scene can be visualized in a fast way by turning the head.

Emitting different images for each eye is widely used to provide, to any recorded
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Figure 4.3: Both rendered views are shown in the screen, a distortion is applied to
each rendered view and both are placed together in the screen that is found inside
the Oculus Rift.

or artificially created scene, the feeling of depth for the observer. While different
methods and components can be used -such as separation of images in the color
domain, separation of images by using an orthogonal polarization or separation of
images in the time domain- , the same objective is found: providing different images
to each eye, i.e. a stereo view. In the case of the Oculus Rift the screen is placed in
front of the eyes and therefore each image is directly sent to each eye by separating
the images in the space domain. Almost the whole field of vision of the operator is
therefore covered.

4.3 Comparison

The level of depth information that is retrieved depends on how the scene is per-
ceived. In a normal mono video the depth information is slightly provided by motion
parallax in case the objects are moving or when the camera is translated. In a stereo
video depth information is mainly provided by stereopsis and again by motion par-
allax in dynamic scenes.

This can be extrapolated in the perception using a teleoperation system. If the
camera is placed on the robot, it will follow the robot motion so this kind of setup
can be hardly benefited from motion parallax. Stereopsis can be then the only
source of depth perception in case a stereo view is provided.
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In the system setup, stereopsis is provided by a stereo view that covers almost
the whole field of view of the operator, incrementing the presence or the feeling of
being transported to another location. The motion parallax cue is also provided as
the view is oriented following the head orientation. This leads to a higher degree
of presence, agreeing with the evidences found in [43] in which higher presence and
greater body movements are connected.
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Chapter 5

Robot Control and Control Modes

The control mode is in charge of how the control signals are transformed into the
wheel speeds of the robot and the camera orientation. Two different control modes
have been programmed and used in the experiment. In this section, both of them
are explained along with their advantages and disadvantages:

The first control mode is called Tank Control; it is the usual control mode in a
robot due to its simplicity. The robot can be moved forward and backward as well
as it can be rotated, thus an option to move sideways is not implemented, this
means that the operator must combine rotation and translation in order to arrive
to any desired point. The camera has a fixed orientation; the camera only points to
the robot front direction so the robot must be rotated in order to look into different
orientations. These are important limitations that reduce the situational awareness
and usability.

The second control mode is the Free Look Control; the robot can be moved in
any direction, i.e. forward, backward, sideways or any combination of those. In ad-
dition, the camera can be rotated. Therefore, the rotation and the translation are
decoupled, i.e. for any desired trajectory the rotation is not required to fulfill that
objective. The operator can look and drive the robot into different directions, i.e.
the angle of the camera is not locked anymore. This freedom in the control of the
robot provides more situational awareness as it gets easier to look into interesting
points while the robot is driven anywhere.

Both modes are to be described in deeper detail, and the basic kinematics of the
robot are explained in order to provide a better understanding of the problematic
for replacing Tank Control.
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5.1 Differential wheeled robot
In a differential wheeled robot simple kinematic formulas relative to the robot ori-
entation [Figure 5.1] can be expressed as follows:

Figure 5.1: Robot coordinate sys-
tem.

Vu = vl + vr

2

Vv = 0

ω = vr − vl

d
(5.1)

Where Vu is the forward-backward speed -
positive to the front-, Vv is the sideways speed
-positive to the right-, and ω is the rotational
speed of the robot. Vl and Vr are the wheel ve-
locities and d is the distance between the wheels.
Two different behaviours are possible by control-
ling both wheels, a forward or backward transla-
tion [Figure 5.2a] and a change in the orientation
[Figure 5.2b], while a sideways translation is not
possible (Vv = 0).

(a) Forward translation (b) Robot rotation

Figure 5.2: Different behaviours depending on the wheel velocities.
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As the operator objective is to reach a certain point, controlling directly the ve-
locities of the wheels would be impracticable; many calculations would be required
and operator mistakes would be common. However, translation and rotation of the
robot can be easily understood and controlled by an operator as the whole robot is
involved in that motion. The control mode is therefore in charge of translating the
desired translation and rotation into the wheel velocities.

5.2 Tank Control
One of the most widely-used control modes is called Tank Control. The control
of the two previously discussed parameters, forward-backward translation and rota-
tion, are directly taken by the operator. The camera must be placed in the center of
rotation of the robot with its same orientation, otherwise problems in the feedback
are found.

5.2.1 Input devices
In case a keyboard is used as the input device, the teleoperator will be provided
with two buttons to control the translational speed, a constant positive speed is
set when pressing one, a constant negative speed when pressing the other, and a
null speed when no button is being pressed. Another two buttons are provided to
control the rotational speed working in a similar way. In case a joypad is used,
the translational speed is provided by a joystick with different velocities depending
on the strength used to push it up or down. The rotational speed is controlled
similarly by the strength used to push a joystick right or left, in Tank Control the
same joystick or a different one can be used. Additional buttons can be added when
having a keyboard as input, and even a joypad, to control and change the speed
value in more advanced controllers. [Figure 5.3]

Figure 5.3: Tank Control using the joystick or the keyboard.
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5.2.2 Feedback
The feedback must be given in a correct way, i.e. rotation is visualized as a change
in orientation of the camera and translation forward or backwards is perceived as a
translation of the camera in that direction.

The camera -either a real camera placed in the robot or the virtual camera in
the telepresence environment- is placed in the center of rotation of the robot -or
otherwise the closest position to that point- in order to fulfill the first condition
[Figure 5.4a]. In case the camera is not placed in this position, besides perceiving
the rotation as a change in the orientation, it is also perceived as a change in the
position. E.g. In case it is placed to the left of the center of rotation of the robot, a
counter wise rotation is perceived as a translation backwards at first [Figure 5.4b].

(a) The camera has a fixed position. (b) The camera position is altered.

Figure 5.4: Different situations when the robot rotates.

The camera has the same orientation of the robot in order to fulfill the second
condition. In case the camera has a different orientation, a forward translation is
perceived as a forward and sideways translation [Figure 5.5].

Another important reason is that the operator takes the decisions by getting only
the knowledge from the camera stream, so the operator would be unaware of the
robot orientation in case the robot and camera orientations are different. In other
words, if the instruction forward is sent as input, the robot is expected to move in
the direction of the camera orientation, and this is only possible if both orientations
are the same.
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Figure 5.5: A x component relative to the camera is generated by a forward move-
ment.

This is the one of the constraints of the Tank Control. The freedom of the teleop-
erator is therefore reduced because the possibility of looking into one direction and
moving the robot to another is not allowed.

5.2.3 Consequences

The limitations of the differential wheeled robot are also inherited by Tank Control.
The robot can not be translated sideways by the operator, i.e. in a concrete instant
of time the teleoperator has only one degree of freedom in the translation of a robot
that is moved in a two dimensional plane. Thus, in order to move the robot with
a certain trajectory, the controls of both translation and rotation must be used by
the teleoperator; the orientation has to be changed to set the right direction in the
motion.

All the previous constraints reduce the usability, slow down the robot, and worsen
the feedback that is given to the operator in terms of situational awareness. This
deterioration is even more noticeable with the previously described telepresence sys-
tem as the motion parallax cue is erased; the operator can not look to the sides as
the angle of the view is locked.

5.3 Free Look Control
In Free Look Control (FLC) the robot can be moved in any direction, the camera
orientation is controlled by the operator and the camera position is changed and it
is not longer the center of rotation of the robot.
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A great number of platforms, e.g. video games, have change from Tank Control
to FLC due to its advantages [17]. In those platforms a virtual object is often
controlled and moved. Changing from Tank Control to FLC in video games was a
relatively easy task as no constraints are found moving this virtual object, unlike
the studied case of a differential wheeled robot where the robot can not be moved
sideways. That might be one of the reasons why Tank Control is still dominant in
the control of a robot.

A way to implement FLC avoiding that constraint is explained in the next lines.
The objective, besides solving the problems previously mentioned, is to take advan-
tage of the big number of users familiarized with FLC and thus provide a control
mode in which less time is spent on training and performing any task.

5.3.1 Increasing the degrees of freedom in the translation

The problem to implement FLC is that the differential wheeled robot can not be
moved sideways, i.e. it only has one degree of freedom in its translational motion.
Going left or right is not such a possibility as the robot itself can experience only two
types of movement while controlling its motors, either rotation or forward-backward
displacement.

The system can be changed in a way that two degrees of freedom in the robot
translational motion are obtained. This is done by introducing a new point, from
now called the reference point, which is the position of the robot which is directly
being controlled by the operator, e.g. in Tank Control it is the center of rotation of
the robot.

The reference point is placed in a different point than the center of rotation of
the robot. V r

u and V r
v , the speeds of the reference point can be written as follows

when the point is placed in an arbitrary position:

Figure 5.6: Graphic representa-
tion of the different parameters.

V r
u = Vu + cos(ϕ)× ω × r

V r
v = −sin(ϕ)× ω × r (5.2)

Where r is the distance from the center of ro-
tation of the robot to the reference point, ω is
the angular speed of the robot, Vu is the forward
speed of the robot, and ϕ is the angle between
the vector from the reference point to the center
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of rotation of the robot and the vector from the left wheel to the right wheel [Figure
5.6].

In case sin(ϕ) and r are different from zero, a sideways translation of the reference
point, which depends on ω, is obtained. A good property is found when ϕ = Π/2 as
the speed forward of the reference point is the same as the speed of the robot, i.e.
only dependant on the translation of the robot, and the sideways translation of the
reference point is only dependant on the angular velocity. In addition, the velocity
vectors of the reference point, which result from an infinitesimal movement in the
angular velocity and an infinitesimal movement in the translation of the robot, are
perpendicular [Figure 5.7].

Figure 5.7: Directions of the reference point when the robot is translated or rotated
when ϕ = Π/2.

By using this new reference point, the degrees of freedom are increased to two as
this point can be moved into any direction in the 2D plane. This new degree of
freedom is obtained due to giving up the control of the robot rotation; previously
the robot had one degree of freedom in the translation and one degree of freedom
in the rotation, this is changed so that the robot has two degrees of freedom in the
translation and zero in the rotation. This feature is used by Free Look Control to
avoid the previous problems in Tank Control. The only requisites are that r is not
equal to 0, i.e. the center of rotation of the robot is not chosen as the reference
point; and ϕ is not equal to 0 or Π, i.e. the referent point does not lie in any point
of the horizontal line which goes through the center of rotation of the robot.

27



CHAPTER 5. ROBOT CONTROL AND CONTROL MODES

5.3.2 Building the FLC
In FLC the control of the translation, in any direction, is directly taken by the op-
erator. Having the same orientation for both robot and camera is no longer needed,
because the robot can be moved into any direction. Therefore a new parameter,
angular velocity of the camera, is controlled by the operator, i.e. the camera orien-
tation is chosen by the user.

Figure 5.8: Graphic representation of Ψ.

The camera is placed with an an-
gle ϕ = Π/2, r = L, and the
angle formed by the current orien-
tation of the camera and the ori-
entation of the robot is defined as
Ψ [Figure 5.8]. This angle is used
to transform the control signals of
the user -which are provided rela-
tive to the camera- into V r

u and
V r

v (5.3). Vu and ω can be cal-
culated with these parameters (5.2)
and finally transformed into the out-
put i.e. the wheel speeds by using
(5.1).

Defining IF and IS as the input provided by the operator of the translation forward
[Figure 5.9a] and sideways [Figure 5.9b] -right direction is defined positive- relative
to the camera, the following formulas are gotten:

V r
u = IF × cos(Ψ)− IS × sin(Ψ)

V r
v = IF × sin(Ψ) + IS × cos(Ψ) (5.3)

Thus, by using (5.1)(5.2)(5.3), the final formulas that transform the operator control
signals into the wheel velocities for FLC are obtained:

vl = (IF × cos(Ψ)− IS × sin(Ψ)) + d

2L × (IF × sin(Ψ) + IS × cos(Ψ))

vr = (IF × cos(Ψ)− IS × sin(Ψ))− d

2L × (IF × sin(Ψ) + IS × cos(Ψ)) (5.4)

In addition, the camera orientation has to be changed depending on the user control
signals: when the telepresence 3D environment is used the absolute angle of the
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(a) A forward translation is sent as command. (b) A right translation is sent as command.

Figure 5.9

virtual camera is changed by just using the input of the angular velocity provided
by the operator. In case VR is not used and a camera is placed in the robot the
output that changes the camera angle would be a combination of that input and
a compensation for the ω of the robot (The camera orientation is affected by the
robot motion).

5.3.3 Input devices

In FLC the freedom to control the robot is slightly altered by the choice of input
device.

Figure 5.10: Directions where the
robot can be translated, sepa-
rated by 45o

When using the keyboard as input device,
the same control is used for the forward-
backward translation, and another two but-
tons are added for controlling the sideways
translation in the same exact way. How-
ever, when moving the robot, only eight
possible directions can be chosen by the
teleoperator with a constant speed [Figure
5.10]. The buttons that were used for
the rotational speed are applied now to
control the angular velocity of the cam-
era.

In a joypad, on the other hand the translation
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is controlled by one joystick and any direction
and different velocities can be chosen by the teleoperator. The angular velocity of
the camera is controlled by the other joystick by moving it into the left or right.

Figure 5.11: Free Look Control using the joystick or the keyboard.

5.3.4 Feedback

The feedback must be again coherent, therefore the camera position must be the
same as the reference point. The reason is equivalent to the ones found in the feed-
back subsection of the Tank Control: the robot motion must be perceived in the
same way that is happening. As the reference point is the one which is being moved
by the operator, only from there the proper feedback can be provided.

In FLC, in case that the camera and the reference point positions are different,
besides the feedback, the result of the motion is also affected; in every turn, an
error in the desired trajectory is obtained [Figure 5.12] according to the formula:

|E| = |DY |sin(|Ψ|) (5.5)

Where DY is the difference between both positions in the y axis, and |E| is the
absolute error when the robot is moved forward during a long period with no changes
in direction.

Thus when using FLC it is vital that this transformation, from the control signals to
the robot motion, and the feedback are correctly linked. Otherwise both feedback
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Figure 5.12: Error in the trajectory caused by different positions in the camera and
reference point.

and robot motion are affected and done in a poor way which will interfere in the
result of the teleoperation.

5.3.5 Consequences

Once this has been achieved, different problems are solved by implementing FLC.
The rotation and the translation are decoupled, i.e. for any desired trajectory the
rotational control is not required to fulfill that objective. The operator can look and
drive the robot into different directions, i.e. the angle of the camera is not locked
anymore. Controlling directly the camera provides more situational awareness as it
is possible to look into interesting points while the robot can be driven anywhere.

On the other hand, when using FLC the robot orientation is not known by the
operator as the camera and the robot orientation are not the same. Moreover, ω is
not controlled by the operator anymore and therefore the exact path the robot is
driven is not decided by the operator. In cases in which the robot trajectory and
orientation are important, the described FLC configuration could cause a negative
impact in the result. One solution might be to have the possibility to change to
Tank Control during a short period of time in such case, however other ways of
achieving a FLC implementation in the robot could also decrease such negative
effects.
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5.3.6 The feedback and control system connection: Synergies
between FLC and a Virtual Reality environment

In the control system, the control signals of the operator are transformed into the
wheel speeds in the robot. This transformation must also be connected with the
feedback that is provided to the operator as it is seen in the feedback subsections.

The results of the control signals must show what is happening, e.g. if the robot is
moved to the right, the camera must be moved to the right. Certain errors when
setting the camera position can lead to different behaviours between the results of
the control signals and the feedback.

The control mode can improve or worsen the visualization when VR is used; using
Tank Control, the orientation of the camera is fixed and equal to the orientation
of the robot, this erases one of the main advantages of the previously mentioned
telepresence system as the orientation of the view could not be changed by the head
movement. This advantage is preserved with Free Look Control.
At the same time, when using FLC without a VR environment poorer results are
obtained; the operator must wait until the real camera is moved to look into a cer-
tain point of the scenario (it is limited by the camera angular velocity), while with
VR the operator can look anywhere anytime. Also, when the telepresence system
is used, the head movements can change easily the camera orientation.
In addition, when using a VR environment, there are not errors in the camera orien-
tation as it is a parameter which is inside the program. Without VR, this parameter
is not exactly known and small cumulative errors could interfere with both feedback
and the robot motion.

At last, the feedback must be received with the lowest delay possible, as high delays
can lead to non intended behaviours in the use of the interface. As an example,
when writing a text in a mobile phone, the text is being written is expected to
appear at the same time. In case there is a delay of few seconds, the user will think
that the mobile phone has not received the pressed keys and thus the user will press
those keys again. The result will be a text with a sentence written twice. In the
case of the control of the robot, if the feedback is delayed the control signals are
sent as a response of a previous situation and not the present one.

5.4 Mecanum wheeled robot
Vehicles equipped with conventional wheels are not omnidirectional, i.e. can not be
driven into every direction. The mecanum wheel, invented in 1973 by Bengt Ilon
[44], is a design that allows a vehicle to be driven in any direction. Some rollers
are placed at an angle around the wheel that translate a portion of the force in the
rotational direction of the wheel to a force normal to the wheel direction [45].
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Different vehicles with at least three mecanum wheels can be built in which the
translation in any direction and the rotation are controlled by changing the wheel an-
gular velocities [46]. In the system a vehicle with four mecanum wheels is used. The
wheels have two different force vectors -with directions forward-right and forward-
left- as it is shown in [Figure 5.13].

Figure 5.13: Graphic representation of the different force vectors.

The new kinematic formulas relative to the robot orientation can be expressed as
follows [47][48]:

Vu = Rω

4 × (ω1 + ω2 + ω3 + ω4)

Vv = Rω

4 × (−ω1 + ω2 + ω3 − ω4)

ω = Rω

4× l × L × (−ω1 + ω2 − ω3 + ω4) (5.6)

Where Vu is the forward speed, Vv is the sideways speed -positive to the right-,
and ω is the rotational speed of the robot. ωi is the the wheel axle rotation veloc-
ity of the wheel i, Rw is the radius of the wheels, L and l are the distances from
the center of rotation of the robot to the wheels in the u axis and v axis respectively.
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Note that forward, backward, right, and left translation and rotation in both ori-
entations can be achieved. And for any desired values for those; Vu [Figure 5.14a],
Vv [Figure 5.14b], and ω [Figure 5.14c], the values of the wheel velocities can be
calculated [47][48].

(a) (b) (c)

Figure 5.14: Different behaviours depending on the wheel velocities.

Therefore, in this case Vu, Vv , and ω can be controlled directly by the operator
-which are transformed to the wheel velocities using the inverse kinematics formulas
[47][48]-.

If FLC is implemented, the angular velocity of the camera is also controlled di-
rectly. The reference point and the camera can be placed in the center of rotation
of the robot as this kind of robot has already two degrees of freedom in the trans-
lational motion.

The additional feature of this FLC is that another parameter, ω, can be controlled.
This would be done in more advanced control in cases in which the robot trajectory
and orientation are important. In this case, the orientation of the robot should
be provided in some way to the operator (with the current system the operator is
unaware of the robot orientation), e.g. providing a third person camera.

Otherwise controlling this parameter could decrease the usability of the interface,
therefore ω could be set by the control system, e.g. could be calculated in a similar
way than in the previous FLC so the robot faces the same orientation in which is
translated.

Two small advantages are found compared to the previous FLC configuration. The
behaviour of the robot is simpler as the point being moved by the operator is the
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center of rotation, i.e. when a command to move into a direction is sent, the robot
is moved into that direction instead of performing another trajectory to move the
camera position -or reference point- into that direction. Besides, in case that the
camera is not placed correctly, the robot motion is not affected as ω is provided by
the operator [Figure 5.15].

Figure 5.15: When ω is provided by the operator, even if the camera is not correctly
placed in the center of rotation of the robot or the reference point, no error in the
motion is obtained as the desired translation and the real one are equal.
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Chapter 6

Experimental Results

The system is evaluated by conducting a user study. In this section this experiment
and its results are written. The experimental set-up is explained, including how the
system is given and which different configurations are provided to the users for the
comparison. Then, which objectives and subjective values are taken into account
for the evaluation of the results. Afterwards the results of different participants are
shown and explained.

In the experiment two RGB-D cameras are used to create the 3D environment,
the surroundings of this real place are also included by adding old samples of an-
other RGB-D camera.

The user has to drive the robot through a certain path which must be finished
in the shortest time. For this purpose, a virtual race circuit is created, and virtual
arrows showing where is the next objective are also added. This is created inside
the 3D environment as augmented reality objects.

Two configurations with different control modes are used, FLC and Tank Control. A
joystick is used as input device. For the experiment, the user is informed about the
objective but is not allowed to get any information about how to control the robot
besides the hint of using both joy pads, so this information is discovered by the user.

There are two group of testers, first, FLC is tested by half of them and Tank
Control by the other half. The other control mode is tested afterwards to compare
both results. This is done so the times can be compared in a fair way; an improve-
ment in the control of the robot is expected after the first try because the user has
more knowledge of how the application works and where to drive the robot than in
the start.

In the thesis, for providing a better interface emphasis is made in the election
of the control mode as the experience of the teleoperator can be changed greatly
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by changing from a Tank control mode to a FLC mode. Therefore one of the main
points is to evaluate how much the teleoperation can be affected by this change.
Two subjective parameters are compared, how hard is to control the robot and the
level of comfort using that control.

In addition, the links and synergy between a telepresence environment and the
control of a robot in a low autonomy level are also evaluated. Three subjectives
parameters are graded depending on its help in the teleoperation: viewing the scene
in 3D, moving the head to look into different directions, and adding augmented
reality objects in the scene.

The performance of different teleoperators or different control modes can be also
measured in terms of time spent in a certain numbers of laps.

6.1 Results and analysis

A total number of 12 people participated in the experiment. Besides the question-
naire (Appendix A), the conditions and reactions were analyzed to get a better
insight of the results. The answers regarding the inclusion of the telepresence envi-
ronment for the control of the robot were mostly positive. The comparison between
FLC and TC had better results in FLC for the subjectives values while TC had
better results in the time spent.

In the questions connected with VR, the first one was related to including the depth
information in the scenario and how much it helped for driving the robot [Figure
6.1]. 6 positives and 4 negative answers are found, the mean value is 3.5 between 1
and 5. The inclusion of the depth helped in a slight way.

The objective was to drive into a circled race circuit, in which no obstacles were
found and the depth information were less valuable. Moreover, blank spaces and
noise in the depth cameras worsened this final result. However, the same environ-
ment which is seen in a 2D screen could be much harder to understand; the scene,
the perception of objects, and the surroundings are clearer by adding the depth in-
formation. For tasks in which perception is more important, e.g. avoiding obstacles
or recognition of objects, the utility of including depth is expected to increase.
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Figure 6.1: Answers to the first question.

The second question was related to moving the head for looking into different di-
rections [Figure 6.2], this option is only fully available for the FLC while in TC the
operator can only look up or down. In this case, 9 positive and only 1 negative
answers are found. This feature was often used to perceive the surroundings and
look for the next objective in a fast way. Even people not familiarized with such
system did understand easily and took advantage of it as it is their natural way to
perceive in a real environment.

Figure 6.2: Answers to the second question.
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The third question was related to the augmented reality objects added to follow the
correct path [Figure 6.3]. The majority of the participants answered positively. A
simple and visible object, a brown arrow placed about 1 - 2 meters above the next
objective, was the one used by the majority to follow fastly the right way.

Figure 6.3: Answers to the third question.

FLC and TC were also compared. During the experiment, sometimes the robot was
driven out of the field of view of the cameras and the localization of the robot relied
only in odometry. The position of the view in the VR in that case was not totally
correct and in case the robot was driven a long time without a detection by any of
the cameras this error became visible; sometimes it was possible to see the robot
or some parts in the screen. The odometry was affected more when FLC was used,
thus a negative impact was gotten for this kind of control mode.

A total number of 8 participants spent more time when using FLC in complet-
ing the three laps, 3 participants got a shorter time in FLC and another took the
same time to complete both. However, the time observed for gaining situational
awareness in FLC was visibly shorter. Hence bigger errors in odometry and jumps
in the position when the robot was detected were one of the causes that made FLC
a slower solution.

In case the participant used again the robot -after filling the questionnaire-, a high
improvement is noticed in FLC and the time spent is dropped considerably. One of
the reasons was that noticing the different controls of FLC (3 input parameters in
which 2 joypads are involved plus the possibility to move the head), took often a
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longer time than noticing the controls of TC (2 input parameters and only 1 joypad
used).

Anyway, the subjective parameters pointed FLC as a better control mode. The
fourth question was about the level of difficulty to control the robot [Figure 6.4].
From 1 to 5, a mean value of 3.66 is obtained in FLC while a mean value of 2.88
is gotten in TC. Turning the camera orientation in a fast way, by using the joypad
or the head, is one of the reasons of such result. In the experiment, the important
information (next objective) and the robot destination were on the same direction
(the next objective is actually the robot destination); thus, in case of performing
other tasks which require the perception of other parts of the environment, the
difference between FLC and TC could be even greater.

Figure 6.4: Answers to the fourth question.

The fifth question involved the level of comfort when controlling the robot [Figure
6.5]. In this case a high difference is found between FLC and TC; from 1 to 5, a
mean value of 3.83 is gotten in FLC and a mean value of 2.66 is obtained in TC.
Being able to look to the sides by moving the head is the main cause of this result;
changing from FLC to TC led often to stress as this possibility was removed. In
general, the freedom achieved in FLC increased highly the comfort of the operator
when controlling the robot.
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Figure 6.5: Answers to the fifth question.
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Conclusion

In teleoperated systems with a low level of autonomy the operator has a great im-
pact in the result of the task. Thus, the interface, or how the interactions between
the system and the operator are handled, has a great relevance. Converting the
control signals into the robot motion, providing a correct feedback and linking both
parts in a proper way are the main issues.

In the teleoperation of mobile robots, a simple interface is often implemented. The
feedback is provided by one camera placed in the robot and the conversion from
control signals to robot motion leads into lower situational awareness, usability, and
comfort.

The presented solution changes both feedback and how the robot is moved in order
to decrease the level of difficulty of controlling the robot and provide more freedom
to the operator in the robot driving and in the perception of the environment.

A telepresence environment is used to give the operator feedback, the depth in-
formation is added and the perception of this virtual environment is done in a
closer way to how humans perceive a real environment. The information of several
cameras is used and merged, this cameras are not required to be on the robot and
therefore when the robot is driven in a known space the components that are al-
ready placed there can provide additional data.

Tank Control is replaced by Free Look Control, in which the robot can be driven in
any direction and the operator can look to different orientations from the robot one.
When the telepresence environment and Free Look Control are mixed and linked in
a proper manner, their advantages are enhanced.

The results showed an improvement in the inclusion of the VR environment. Any-
way, a better quality in the view is needed to fully benefit from all the advantages
provided by VR. Depending on the level of importance of the perception in the task
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this change is more or less visible. Also, an important improvement is obtained
when changing from Tank Control to Free Look Control in the usability and com-
fort when controlling the robot. However more time of training is needed in FLC
to achieve a good performance, nevertheless a high number of people have already
spent time to learn this control and therefore that might not be a problem. Errors
in the feedback, e.g. errors in the camera position or orientation, have a higher
impact in FLC than in Tank Control and thus it is crucial that they are limited. By
combining VR and FLC a gain in the situational awareness is achieved and lower
levels of stress are also found. In terms of time, FLC does not seem to achieve better
results in case a high level of situational awareness or behaviours such as looking
and driving into different directions are not required.
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Future Work

Still some improvements can be added to the interface in order to upgrade the sys-
tem and a higher level of presence. The feedback could be provided for other senses
besides sight: Force feedback systems can be added to improve the information pro-
vided to the operator and could be used in case the robot finds any obstacle. Sound
feedback could be also added for different purposes, e.g. distance between a robot
and an obstacle.

In the situation in which only the robot and its equipment is used in the feed-
back, a robot with several fixed cameras could be used. Their views could be merged
in a similar way and more advantages could be obtained: As their positions respec-
tive to the robot are known, no error would be gotten in the position of the robot
as its detection would be no longer necessary. And as their orientations would be
fixed, no cumulative error would be obtained in the cameras. In order to reduce
the bandwidth requirement some parts of the system could be moved and be done
directly in the robot so less information is transmitted to the operator: just the
operator view instead of several camera views.

The system could be benefited if normal rgb cameras would be also used to cre-
ate the 3D environment. With the current system those cameras would be correctly
calibrated -only the rgb information is required for the calibration- but a system to
retrieve the depth from multiple rgb image streams should be included.

The calibration could be improved if other detectors are designed which comple-
ment the AR marker detector e.g. a robot detector which could work at longer
distances in which the marker is not seen.

FLC could be still improved in case the feedback contains more information. Show-
ing the orientation of the robot in a transparent way could give the operator more
helpful information in case the trajectories or the orientation of the robot are an
important part in the task. The first person view could be used along with a third
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person view depending on the required situation -those views would be changed by
user commands-. A mecanum wheeled robot could be used in such system to keep
the advantages of FLC with no negative issues.
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