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The use of robotic assistance has become extremely important for many reasons. To be remarked is the fact 

that a robot may provide us with access to remote sites and therefore a detailed knowledge on certain 

environments. This information could be used to recreate and simulate specific scenarios on which 

astronauts may be afterwards trained, being this aspect of a vital importance in human exploration. Another 

example would be the spacecraft landing. It is a critical phase on which a tele-operated probe would give 

fundamental information for a future manned mission. Just remark at this time the success of the ESA probe 

“Huygens” landing on Titan. From the beginning of the entry on Titan until the batteries died only lasted for 

less than two hours, but the information gathered within this interval was proved to be of an incalculable 

value. Due to all this, the development of reliable immersive teleoperation user interfaces is claimed to be 

one of the previous and more important milestones for any future space human exploration mission.  

 

Space applications imply long distances, so time delays such that remote control may become unfeasible. 

Predictive motion displays (PMD) stand as one of the possible solutions to overcome this constraint. These 

displays show the movement of the simulated teleoperator without any time delay while the real 

teleoperator would simply follow the simulated one after the delay. A further step is represented by the 

“Telepresence”, in which the operator would be actually immersed into the remote site. The telepresence is 

based on the provision of enough natural sensory information (images, voice, haptics...) so that the operator 

would feel as if located in the simulated scenario. This field represents a fascinating subject, whose 

applications have been proved to be vital for the future of human space exploration.  

 

Therefore, this thesis aims to build a teleoperated system that may be used to evaluate and quantify the 

effect of immersion and time delay on work performances. A set of teleoperation tests will be developed in 

order to identify those tasks that may be improved with the assistance of telepresence. The tests will also 

pursue to search the limits of the given schemes (direct teleoperation with time delay, with PMD and with 

telepresence) and will support both space and ground operations (capable of simulating different scenarios, 

e.g. teleoperation from a space station orbiting a planet, or from a stationary camp on Moon).  

 

 

Keywords: Planetary exploration, Mobile robots, Immersive teleoperation user interfaces 
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Chapter 1  

Introduction 

1.1 Motivation 

 

Even though the teleoperation concept has a cutting-edge connotation, some of the 

developments in teleoperator technology have their origin long time ago. Probably the 

first remarkable milestone took place in 1951, when Raymond Goertz developed the 

first modern master-slave operators at Argon National Laboratory. These were 

mechanical pantograph mechanism by which radioactive materials in a “hot cell” 

could be manipulates by an operator outside the cell. From that moment, multiple 

advances have been made, in the beginning favored by the impulse of the military and 

space industry, but later also due to the practical and daily applications of such 

developments (agriculture, mining, firefighting, entertainment, telediagnosis, 

telesurgery…). 

 

Despite of all the scientific achievements and new existing technologies, there are still 
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teleoperated system with different (selectable) grades of time delay and will also 

analyze the benefits of such techniques in the system performance. 

 

The following schema shows the scope of the whole project, being the red dotted 

squared area the part in which this thesis will be focused. 

 

 

                                        Figure 1. Schema of the whole project 
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Then, we have to highlight the importance of a good tuning between the simulator and 

the real robot in order to succeed in the development of the immersive environment 

system. 

1.2 Resources 

 

1.2.1 The robots 

For this thesis two robots were available, though for obvious reasons of manageability 

and usability most of the test have been performed with the one located at Helsinki 

University of Technology. 

 

1.2.1.1 J2B2 Robot 

It is being used as the local helper at TKK. The navigation and most of the software 

properties can be tested with it. J2B2 is a castor wheeled robot. The robot is equipped 

with optical encoders for calculation of the odometry, tactile sensors (bumper), laser 

range finder and infrared sensors. The robot has an on-board computer that reads the 

sensors and performs the lower level control. The control of the robot is done through 

a tcp/ip socket via wireless by using a C++ software interface. 

 

 

Figure 2. J2B2 Robot 
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1.2.1.2 Avant ”Bucket charger”  

 

This robot is located at Tampere University of Technology. It is equipped with a laser 

localization system (odometry and laser scanner), a stereo camera and some sensors 

for the positioning of the bucket actuator. It has a very good mobility but the number 

of test with it is limited due to the need of different persons „in situ‟ for carrying them 

out.  

 

Figure 3. Avant Robot 

1.2.2 GIMNet 

Basically, GIMnet is a communication infrastructure for robotics applications 

designed at TKK. It is not more than a remote process communication 

implementation, which additionally functions as a base architecture for the software 

system [18]. The following Figure shows the structure of GIMnet: 

 

Figure 4. GIMnet Structure [18] 
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The backbone of the network consists of a certain number of hubs. The program 

responsible of performing the tasks is called tcpHub. This program is fully platform 

dependent (it runs only on Linux). Scalability is one of the main characteristics of 

GIMnet. This feature allows the scaling from a single local hub up to a huge network 

of different interconnected hubs. The only requirement to be fulfilled is that one of 

the hubs has one TCP port open for connections. This type of "ad-hoc" topology 

(which forms a Virtual Private Network) has also another advantage: the 

extendibility of the system [18].  

The software modules in Figure 4 can be considered clients for the hub, as separate 

processes running anywhere in the network. The modules register their name and 

receive an ID (later, both name and ID can be used to address the module) the first 

time they connect to the hub. There is am application which provides an easily 

accessible API for the module developers. It is called Generic Intelligent Machine 

Interface (GIMI) and it encapsulates the network in a way that the developers do not 

need to be aware about the underlying structure (they only have to use the simple 

function interface). GIMI also implements some important functions which are 

required by almost all the modules. The main features of GIMnet are:  

 Unicast, multicast, broadcast  

 Synchronized and unsynchronized data transmission  

 Automatic hub-to-hub and client-to-hub reconnect  

 Distributed name and ID service  

 Application level ping  

 Service registration, subscription and listing  

1.2.3 The Open Dynamics Engine simulators 

There are two available simulators for this thesis, one for the J2B2 robot and another 

one for the Avant robot. Both are ODE based. ODE is an open source, high 

performance library for simulating rigid body dynamics that is currently used in many 

simulation tools. 
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The J2B2 Simulator has been widely used in several tests as the master robot of the 

real robot (teleoperator) J2B2. This means that the teleoparator is able to follow the 

master, which requires:  

 

- The worlds (simulated and real) have at least some correlation 

- The simulator is not able to do anything that the real machine is not capable to do 

 

Both simulators have been developed in a Linux environment. 

 

        

Figure 5. Avant and J2B2 Simulators 

 

 

1.2.4 The CAVE System 

This system is located at the Julius-Maximilians-Universität Würzburg (Germany) 

and the idea is to create an interface between GIMnet and CAVE so some test can be 

performed, first with J2B2 and then with the AVANT.  It is based on a multi-plane 

projection stereo system thath consists of three projection walls each  with a width of 

2 meters and a height of 1.6 meters, which results in a total projection screen of 6 m 

x 1.6 m. The three walls are arranged with an angle of 135 degree in between. 

 

The hardware configuration is shown in Figure 6:   
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Figure 6. Hardware configuration 

 

For the projection six beamers and a cluster composed of standard PCs are used. The 

pictures for the left eye and the right eye are polarized orthogonal and displayed 

merged on the projection screen. The users have to wear special glasses with the 

same polarization filters to separate the pictures for the left and right eye again and to 

gain the stereo effect. The glasses are light weighted and should not disturb the user 

in its actual task. The six client computers and an additional control PC are 

connected to the same Ethernet network. The control PC provides the command 

interfaces for the interaction between the human and the three-dimensional stereo 

projection. It manages changes in the three-dimensional model and broadcasts these 

changes to the clients. Sensors and actuators could be directly connected to this 

computer or can be linked via an external network. 
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1.3 Definition of Terms 

 

1.3.1 Teleoperator 

According to Sheridan, “a teleoperator is a machine that extends the sensing and/or 

manipulating capability of a person to a location remote from that person. It 

necessarily includes artificial sensors of the environment, a vehicle for moving these 

in the remote environment and communications channels to and from the human 

operator” [1]. 

1.3.2 Telerobot   

Sheridan defines a telerobot in the following manner: “a telerobot is an advanced 

form of operator the behavior of which a human operator supervises through a 

computer intermediary. This means that the operator intermittently communicates to a 

computer information about goals, constraints, plans, contingencies, assumptions, 

suggestions, and orders relative to a remote task, getting back integrated information 

about accomplishments, difficulties, and concerns and (as requested) raw sensory 

data” [1]. 

1.3.3 Telepresence 

The following definition was suggested by Sheridan: “telepresence means that the 

operator is provided with sufficient information about the teleoperator and the task 

environment, displayed in a natural enough way, that he can feel physically present at 

the remote site. The illusion of telepresence can be compelling if the proper 

technology is used. Telepresence is sometimes used to mean virtual presence as well” 

[1]. 

1.3.4 Virtual Enviroment/Presence/Reality 

The term virtual environment/presence/reality is defined by Sheridan as follows: 

"virtual environment/presence/reality, or even artificial reality, describes the 

experience a person feels when sensory information generated only by and within a 

computer compels a feeling of being present in a environment other that the one the 

person is actually in . A virtual environment (VE) is a synthetic, usually 3D world, 
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which is most often rendered in the first-person viewpoint and with sufficiently good 

technology a person would not be able to discriminate among actual presence, 

telepresence and virtual presence” [1] . 

1.3.5 Immersion 

Immersion refers to the objective level of sensory fidelity a VR system provides. 

Therefore, it is a measurable concept and it depends only on the system rendering 

software and display technology (including all types of sensory displays). As an 

example, if we only consider the level of visual immersion some of the different 

components we have to take into account would be the field of view (FOV), the field 

of regard (FOR), the display size,  the display resolution, the stereoscopy, the head-

based rendering, the realism of lighting, the frame rate and the  refresh rate. 

Therefore, it is clearly stated that both hardware and software can play a role in 

determining the level of immersion [16].  

1.3.6 CAVE 

The CAVE is a projection-based VR system originally conceived in 1991 by Thomas 

DeFanti and Dan Sandin (co-directors of the Electronic Visualization Laboratory) 

and implemented by Carolina Cruz-Neira. The intent was to design a VR system that 

avoids the current limitations of VR systems such as poor image resolution, isolation 

from the real world, and inability to simultaneously share virtual experiences with 

multiple users. The illusion of immersion is created by projecting stereoscopic 

computer graphics into a cube composed of display-screens that completely surround 

the viewer. It is coupled with a head and hand tracking system to produce the correct 

stereo perspective and to isolate the position and orientation of a three-dimensional 

input device. A sound system provides audio feedback. The viewer explores the 

virtual world by moving around inside the cube and manipulating objects with a 

three-button wand-like device. The CAVE blends real and virtual objects in the same 

space so that a person has a real view of his own body as it interacts with the virtual 

objects [15]. 
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1.3.7 Head Tracking  

Head tracking (HT) refers to measuring the user‟s head location and orientation. A 

small device attached to the HMD or shutter glasses used in the CAVE feeds the 

positional data of the user‟s head into the computer rendering the image [16]. 

1.3.8 Head-Based Rendering 

Head based rendering (HBR) means that the virtual world is drawn from the user‟s 

viewpoint. This is usually accomplished by the measurement of the user's 3D head 

position and orientation (as described in the above section on HT), from which the 

location of the user‟s eyes is inferred. The computer rendering the image uses the 

positional data fed by the head tracker to calculate the image based on the user‟s 

point of view in the virtual world. Head-based rendering provides an intuitive 

method of viewing from various perspectives in the VE [16]. 

1.3.9 Predictive Displays 

A predictor display is a graphical tool where a visual indication of the motion is 

generated by a computer and extrapolated forward in time. In long distance 

communications, where there are significant transmission delays, its usefulness has 

been widely proved. 

1.3.10  Predictive Motion Displays 

A predictive motion display is a new type of PD. It is used for free flying robots, and 

uses acceleration commands instead position or velocity ones. A deeper description is 

given in Chapter 4. 
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Chapter 2  

Teleoperation Systems 

2.1 Bilateral Teleoperation: the Master- Slave concept 

A teleoperation system can be represented by five subsystems: the human operator, 

the human interfaces (master devices, visual display, etc.), the communication media, 

the slave (actuators, sensors, etc.), and the environment.  

 

 

 

 

 

 

 

Figure 7.The General Teleoperation System [3] 

According to Goertz (1945), a teleoperated system normally consists of a dual robot 

system (a master robot and a slave robot). For the command of the human operator, 

the slave robot (remote location) tracks the motion of the master robot. When, in 

order to improve the task performance, the master robot is provided with some force 

feedback from the slave robot the teleoperation is said to be controlled bilaterally.  

 

Figure 8. Block diagram for teleoperation with time delay [3] 
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2.2 Problems caused by Time Delay 

 

In long distance teleoperation, time delays constraint the performance of the system 

and can cause instabilities in the close-loop control due to two main reasons: 

 

- The effect of the delayed visual feedback 

- The effect of the delayed force feedback 

 

The nature of these of these two problems is different, and their consequences have to 

be analyzed from different points of view in order to find solutions to mitigate these 

effects [1]. 

 

Due to the length constraint of this thesis, from now on it will only be focused on the 

effects of the delayed visual feedback, leaving the second one for further steps. 

 

2.2.1 Early Experiments  

At present, it is well-known that for a given finite delay in a continuous 

telemanipulation loop, the time for a human operator to accomplish even simple 

manipulation is significantly dependant on the delay, the task complexity, and the 

manipulator control scheme. The problem of time delay was recognized for the first 

time (1962) when Ferrell [4] was the first who showed that the human operator, in 

order to avoid instability, can adapt what has come to be called a “move and wait 

strategy”. This means that the operator makes a discrete control movement and then 

stops while waiting (the round-trip delay time) for confirmation that the control 

action has been followed by the teleoperator. Once that the conformation has been 

received he makes another discrete movement, and so on. This means that the 

operator can commit only to a small incremental position change “open loop”. 

Another conclusion of Ferrell was that teleoperation task performance is a 

predictable function of the delay, the ratio of movement distance to required 

accuracy (difficulty), and other aspects of delayed feedback in teleoperation. 
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Figure 9. Ferrell‟s experimental results for time-delayed telemanipulation in 2-DOF task [4] 

 

The graphic above shows Ferrell‟s results for simple two-axis-plus-grasp 

manipulation experiment. Black (1971) repeated the experiment for a six-axis-plus-

grasp manipulator, and the results were similar. In both cases, the dependence of the 

completion time on the time delay and index of difficulty was clearly shown. 

 

Subsequently, Thompson (1977) proved again that task-completion time was 

affected by time delay and by the complexity of the task. In Thompson‟s experiment, 

the users had to transport a peg to a specific hole, position and insert the peg in it. 

Complexity depended on the number of positions and orientations that 

simultaneously had to correspond before the final mating could take place (what he 

called “grades of constraint”, from 1 to 6).  

 

Figure 10. Thompson's experimental results [5] 



 

  22 

 

 

The four curves on the Figure 9 represent time delays of 3, 1, 0.33 and 0 seconds. It 

is clear the dependence of the average manipulation time on both the time delay and 

the degrees of constraint (complexity of the task). 

 

Therefore, by 1980 there was abundant experimental evidence that time delay was a 

serious problem for teleoperation, and it could not be ignored anymore. 

2.2.2 Predictor Displays  

As it was previously defined, a predictor display is a tool where a visual indication of 

the motion is generated by a computer and extrapolated forward in time. This aids 

the operator by predicting what will happen for the given initial conditions of the 

vehicle or teleoperator, and possibly also the current control input. 

 

There are two types of predictor displays: 

 

- The first one is simply a Taylor-series extrapolation upon current state and 

time derivatives. This approach is satisfactory for short predictions and 

utilizes only the state initial conditions. 

- The second one,  involves as inputs the current state and time derivatives, as 

well as expected near-future control signals, into a model; the model is then 

run many times faster than the actual process. 

 

 

Figure 11. Ziebolz and Paynter predictor technique [2] 

 

The first predictor display for telemanipulation was built by Noyes, using 

commercially available computer technology for superposing artificially generated 

graphics on to a regular video picture. 
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.  

Figure 12. Noyes‟s predictor technique for manipulator, 1984[2] 

 

The results of Hashimoto‟s study (based on Noyes‟s technique) showed the advantage 

of using predictive displays since the completion time is clearly reduced. 

 

Figure 13.  Hashimoto‟s averaged subjects‟ results using Noyes‟ predictor, 1986 [2]  

The Figure above shows an improvement of the completion time up to 40% when the 

predictive display was used. 

 

A few years later, in 1990, Bejczy and Kim improved Noyes‟ predictor and repeated 

the previously described experiment with different subjects, obtaining a similar 

result.  
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Figure 14. Bejczy annd Kim results for two subjects [6] 

 

The curves shown in Figure 13 correspond to two different users (with and without 

the use of a PD). Depending on the skills on every user the reduction of the 

completion time varies, up to a 50%.  

 

The effectiveness of these techniques has been demonstrated for simple predictive 

models and simple tasks, achieving a considerable reduction of the completion time. 

In addition, some other ideas can be also implemented (the addition of the dynamics 

of the uncontrolled process, some new adaptive prediction models or the inclusion of 

the effects of the human perception in manual control systems) in order to improve 

the described results. 
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Chapter 3  

Telepresence: Immersive Methods 

3.1 Telepresence and Virtual Presence  

 

It has been shown (Goertz, 1965, and Chatten, 1972) that when a video display is 

fixed relative to the operator‟s head and the head‟s own pan-and-tilt drives the camera 

pan-and-tilt, the operator  has the feeling as if he was physically present at the 

location of the camera. In addition to visual telepresence, there are auditory, resolved 

forces, tactile and vestibular telepresence. In 1989, Tachi developed and evaluated the 

hardware components to implement teleoperator telepresence. It consisted of a helmet 

mounted binocular display, a six-DOF electromagnetic sensor and a three-wheeled 

remotely driven vehicle on which a pan-tilt-stereo video system was mounted. In 

experimental evaluations with the vehicle it was found that many collisions occurred 

when a conventional video display was used, whereas the head-controller stereo 

display improved performance in a significant way. 

 

The term virtual presence is used when a computer-generated picture is used instead 

of the video picture and similarly referenced to the heads orientation, so the viewer 

can be made to feel present with in an artificial world. In this situation it can be said 

that the system used to create virtual reality is now a reality [1]. 

3.2 Main Components of Immersion 

Immersion is directly related to the technology used in a VE.  Depending of the sense 

which it stimulates different components and levels of immersion can be 

distinguished. 
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3.2.1 Visual immersion 

FOV, FOR, HBR, stereo, brightness of the display, display resolution, realism of 

rendered graphics are all components of immersion that directly affect the visual 

perception of the user. Normally, fully visually immersive systems possess a high 

level of FOR, and/or FOV and HBR.  CAVE is a system that provides a high level of 

immersion (large FOR and wide FOV, HBR and stereoscopic viewing). On the other 

hand, a HMD has a lower level of immersion with a large FOR but smaller FOV.  

3.2.2 Auditory immersion 

Audio is very important element of an immersive environment. This type of 

immersion is used in some simulators and its impact has been shown in the treatment 

of certain phobias like the fear of flying, or in the treatment of war veterans for post-

traumatic stress disorders. 

3.2.3 Haptic immersion 

Haptic (sense of touch) feedback has been used in several applications where a 

simulated force is helpful in performing tasks when interacting with virtual objects. 

For example, in some manipulators (nanotechnology) the visual quality of the display 

type is far less important than the feedback provided by the haptic device, as the 

scientist may not be able to see how the operation is been performed, but he can feel it 

quite accurately. In this case, the haptic feedback is very important in eliciting a sense 

of presence in the user.   

3.3 Immersive Displays 

 

3.3.1 The CAVE 

Until 1992, when EVL developed the CAVE 1 the VR community used mainly head-

mounted displays (heavy and clumsy helmets with liquid crystal displays or Cathode 

Ray Tubes mounted in front of eye pieces). The CAVE VR system is a 10 sq.ft. room 

in which CRT projectors project stereoscopic images. The images give the CAVE 

occupants, or users (there can be up to 10 users), the illusion that objects surround 

them. Users need lightweight liquid crystal shutter glasses to resolve the stereoscopic 
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imagery and hold a three-button wand for 3D interaction with the virtual 

environment. An electromagnetic tracking system attached to the glasses and the 

wand lets the CAVE determine the location and orientation of the user‟s head and 

hand at any given moment. This information instructs the Silicon Graphics Onyx 

computer system that drives the CAVE to render the images from the user‟s point of 

view. 

 

Figure 15. The CAVE [8] 

In 2006, Los Alamos National Laboratory deployed a 43 megapixel multi-panel 

immersive environment, La Cueva Grande (LCG), to be used in visualizing huge 

amounts of information (terabytes) produced by some simulations. 

 

 

Figure 16. La Cueva Grande [9] 
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3.3.2 ImmersaDesk 

The ImmersaDesk and its successor, the ImmersaDesk2, are smaller, drafting-table-

like systems. They can also project stereoscopic images, but they fill different 

application needs. Whereas the CAVE is well suited for providing panoramic views, 

the ImmersaDesk is designed for displaying images that fit on a desktop, such as 

CAD models. Applications built for the CAVE are fully compatible with the 

ImmersaDesk. The ImmersaDesk3 is an ImmersaDesk built from a 42-inch plasma 

screen mounted on a conventional office desk. The user can tilt the screen from fully 

horizontal to fully vertical, which significantly reduces the device‟s size and cost. 

Unfortunately, current plasma screen technology generates too much electromagnetic 

noise, making head tracking and stereo synchronization difficult. 

 

 

Figure 17. Immersadesk [8] 

3.3.3 PARIS 

As in the ImmersaDesk3, the Personal Augmented Reality Immersive System 

(PARIS) is a desktop device normally placed around an office desk. The user sits at 

the desk and places his hands under a semitransparent mirror, which allows him to 

see his hands and the computer images simultaneously. It is planned to place cameras 

under the mirrors to track hand location and gestures so that users can use natural 

hand motions to manipulate virtual 3D objects. 

 



 

  29 

 

 

 

Figure 18. PARIS [8] 

 

3.3.4 Upponurkka (“A submersible corner”) 

Upponurkka is a low-cost immersive display, especially designed (at TKK) for 

public VR installations. Like a cave, it is a multi-user display, although only one 

viewer is tracked so that he/she sees the correct perspective. Special attention in 

design was paid on the robustness of the system. The equipment, both hardware and 

software, of Upponurkka is completely self-made and constructed from off-the-shelf 

components. 

 

 

 

Figure 13 

 

 

 

 Figure 19. The components of Upponurkka System[10] 
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Chapter 4  

Current Methods 

4.1 Teleoperation based on Predictive Motion Displays  

 

In 2006, Yuichi Tsumaki and Mami Yokohama introduced a new technique for 

teleoperation they called Predictive Motion Display (PMD) [11]. Instead of the 

traditional used position or velocity commands, they suggested the use of an 

acceleration command. The main problem is that when the acceleration command 

becomes zero, the robot keeps uniform motion and this is a big difference from the 

velocity command, which leads to a stationary state with zero input. Therefore, the 

acceleration command makes both velocity and distance to go to zero simultaneously 

to stop the motion at the goal. It is very difficult for the operator, because he or she 

should anticipate results of second order integral. To overcome this issue, PMD was 

proposed.  

 

The PMD is completely different from the conventional predictive display which 

compensates for communication time delay. Tsumaki and Yokohamar do not 

consider communication time delay. The PMD displays future position of the robot 

using computer graphics to reduce the effect of dynamics. Concretely, the predictive 

position ppd after tpre second is decided under the assumption that the robot keeps the 

current velocity vcur. Therefore, ppd can be written as follows: 

     ppd = pcur + vcur . tpre                                                  

where pcur is the current position. The predictive orientation can be written in the 

same manner. 

 

The features of the PMD are described as follows: 
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-Initial motions of the PMD are faster than the real robot‟s one, because the 

PMD displays future position based on the current velocity.  

- Even if the PMD reaches the goal, the PMD is forced to go ahead, because 

the real robot still moves (has a nonzero speed). Therefore, the operator should add a 

reverse command to keep the position of the PMD at the goal for a while. 

- The relative position between the real robot and the PMD corresponds with 

the current velocity of the real robot. Therefore, when the distance between the real 

robot and the PMD becomes zero, the current velocity of the real robot becomes zero 

too. We would like to emphasize that the PMD does not change the control law of 

the robot. It just displays information to the operator. In other words, the operator 

changes his own control input by watching the PMD.  

 

 

Figure 20. Overview of the simulator [11] 

The experimental results show that the proposed method reduces both task 

completion time and collision frequency by 33 % and 86 %, respectively.  

 

 

Figure 21. Task completion time and collision frequency [11] 
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The following Figures show how the trajectory is also improved by using the PMD: 

 

 Figure 22.  Trajectory data [11] 

4.2 Teleoperation based on Predictive Image Sequence  

 

At this point, it is clear that image transmission delay is a serious problem for a 

remote operator when he controls a robot according to the images transmitted by the 

robot through a narrow band width channel or from extremely distant place. One of 

the methods that have been proposed to improve the remote control operability is 

based on the prediction of the image sequence [12]. The images shown to the 

operator are estimated from the transmitted image according to the robot's motion 

and the delay time. In the case of forward movement, the received image is 

magnified and displayed, while it is shifted in case of rotational movement of the 

robot.  

 

Figure 23. The relation between the recieved image view and the estimated view 
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As the operator can see the estimated present image without time delay, he does not 

miss the timing of the controls. It has to be pointed out that in the mentioned study an 

omnidirectional camera has been used in order to make the processing easier. For a 

given goal and different time delays the results show the enhancement in the 

performance that this technique introduces, as it is shown in Figure 23: 

 

Figure 24. Arrival Time vs. Time Delay 

4.3 Teleoperation based on Virtual Reality  

 

Immersion and VR have been shown their advantages in different scenarios, for 

example in training, therapy or entertainment applications. However, there are not 

too many studies about the advantages of immersion in the field in which this thesis 

is focused. One of the few examples of the use of virtual reality in real space 

applications took place in April 1999, when in a joint mission between the Japanese 

Space Agency NASDA, the German Space Agency DLR and IRF, the robot ERA 

(on board the Japanese satellite ETS-VII) was successfully commanded and 

supervised by means of “projective virtual reality” methods [17].  

 

One of the problems that teleoperation based on VR has to face is the high 

dependence of this method on the accuracy of the virtual environment. This means 

that a very good model is needed in order to achieve a feasible performance of the 

system. Moreover, if there is not a priori information of the remote site, time delays 
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transmission and bandwidth constraints may be critical, especially if we are dealing 

with a dynamic environment. 

 

Figure 25. Block diagram of teleoperation system based on VR [14] 

 

When a good model can be built, the generally accepted approach is the use of the 

simulated virtual environment as the master robot in the traditional schema of 

bilateral operation. The virtual robot is then the agent of the remote robot in the 

virtual environment, [13][14].  

 

 

 

 

 

 

 

 

     Figure 26. Native Control SystemVirtual EnvironmentActual Operation [13] 

 

Modern developments in the field of virtual reality (VR) interfaces have the 

potential to facilitate commanding and supervision tasks for space (and, of 

course, also for terrestrial) automation applications. The less the user in the VR 

needs to know about the means of automation which carry out the task 

physically, the better is the design of the interface. A good virtual reality system 

should automatically translate actions carried out by a user in the virtual, 

graphically animated world into physical changes in the real world. Even though 

the graphical model has to be very precise, teleoperation based on virtual reality 
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techniques must also be robust with respect to virtual world geometrical 

modeling errors. For this purpose, a set of different strategies can be adopted: 

 

 - the  implementation of  a simple error adjustment feature 

 - the use of approaches based on the fusion of information of multiple sensors 

- the utilization of new prediction and estimation techniques  

  - the addition of a certain grade of autonomy to the slave robot  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  36 

 

 

Chapter 5  

The First Teleoperation Test 

In Chapter 2, the studies that Ferrell and Thompson carried out years ago were 

mentioned. Those studies showed that the completion time depends not only on the 

delay but also on the complexity of the task to be performed. 

 

A simple test was proposed in order to find out the impact of time delay in our 

teleoperation system. 

5.1 The experiment 

Starting from the same place, different users had to drive J2B2 through a maze and 

get to the goal in minimum time. The maze was made of wooden walls placed as the 

pictures show below: 

 

 

  

Figure 27. The maze 
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5.2 The schema 

The following schema summarizes the teleoperation system: 

 

          

 

   

Figure 28. Experiment Schema 

 

The J2B2 robot is connected to the application [19] which controls it through GIMnet 

network. The users drove the robot from a distant room with the help of a joystick and 

the user interface (C++ programming language based) designed for this purpose. 

Different time delays were simulated by using the GIMnet architecture, in a way that 

the data coming from the different sensors of the robot (i.e. from the laser scanner, or 

from the camera) arrived with the desired delay at the user interface. Obviously, the 

orders/commands sent from the user by using the joystick also arrived with the 

specified time delay at the robot (the delay was bidirectional). 

 

Time Delay  Network 

Simulation: 

0 s 

0.10 s 

0.20 s 

0.50 s 
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5.3 The User Interface 

The User Interface used in the experiment by the different participants looked like the 

following Figure: 

 

 

Figure 29. The User Interface 

 

Two main sectors could be differentiated in the User Interface: the User Data sector, 

where only information of the user who was driving the robot at the moment was 

displayed; and the Session Data sector, where some information related to the 

previous participants was shown. 

 

The User Data consisted of the following information: 

 

- The robot- The green circles with the triangle inside indicating the heading 

- The plot of the different scanned points (the green ones) related to the robot- 

As long as the robot was “discovering” the real world the map was drawn 

(SLAM) 

User Data User Data 

Session Data 
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- Instantaneous Speed (m/s)- Numerical and graphical (color bar) information 

for helping the user in the navigation 

- Average Speed (m/s) 

- Driven Distance (m) 

- Driving/Navigation time (s) 

- Number of Collisions 

- Time Delay (s) 

- Camera Information- The driving was over when the goal was displayed in 

this window  

- Turning bar- It showed the sense of the turning (left/right) 

- The plot of the track of the robot (the blue ones). It was draw when the 

mission was over. It shows very graphically how good the driving was 

- The plot of the best path (the red ones). Based  on an density-function 

algorithm helped to find out how good the driving (the shorter, the better) was   

 

Additionally, the application stored in a folder every second all the information 

related to the driver, both by capturing the image of the screen and by writing in a text 

file.   

 

The Session Data consisted of the following information of every participant: 

 

- Driven/Navigation time 

- Path length 

- Average speed 

- Number of collisions 

- Best Path 

 

The total duration of the experiment for every time delay driving is also shown, as 

well as the best driving time of every session. All this data is computed internally by 

the application according to the information brought by the laser-scanner based 

localization method.   
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The experiment took place in two different days, with 4 participants involved and the 

obtained results did not differ too much from what Mr. Ferrell would have expected.  

5.4 The results 

The first result that was analyzed was the tracks of the same user driving with 

different time delays. It was easy to identify the time delay impact only at a glance: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. Tracks of the same user with different time delays 

 

Secondly, the data computed by the application corresponding to all the sessions was 

displayed in different graphs. In all of them, the desired parameter (Driving Time, 

Path Length, Average Speed and Best Path/Path length) was compared at different 

levels of delay. The obtained results are shown in the graphs below: 

No delay 100 ms delay 

200 ms delay 500 ms delay 
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Figure 30. Completion Time vs. Time Delay 

 

Figure 31. Path Lenght vs. Time Delay 

 

Figure 32. Average Speed vs. Time Delay 
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Figure 33. Best Path/Path Length Ratio vs. Time Delay 

 

The results showed clearly the deep impact of time delay in the performance of our 

teleoperated system. All the studied parameters were seriously affected when time 

delay is higher than 500 milliseconds, making a simple task, as the one that was 

proposed, completely unfeasible.  

 

An anomaly in the behavior of the User1 was also detected, since his Path Length and 

also the Best Path/Path Length Ratio was improved slightly when the delay increases. 

This can be easily explained since his first driving was really poor, and as long and he 

kept on practicing he learnt and improved his skills. 

 

The use of a Predictive Display could be one of the possible solutions in order to 

mitigate time delay effects. This will be studied in the next chapter.   
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Chapter 6  

Using the ODE simulator as a Predictive 

Display 

So far, the effects of time delay in a simple navigation task have been shown. A set of 

different possible approaches for the correction of those effects has also been 

analyzed. Besides, in Chapter number 2, the 3D ODE based simulator for the J2B2 

robot was described. The goal from now on is to find out if this simulator can be used 

as a predictive display (PD). For that purpose, the first step will be to verify the 

accuracy of the simulator. A simple test is proposed in the next section of this chapter. 

 

6.1 Testing the simulator 

In order to find out the accuracy of the J2B2 ODE based simulator the following steps 

were followed:  

- First, our application was connected to the real robot as well as the simulator 

in a way that the same commands are sent simultaneously to both. 

- An empty map (no walls) is loaded in the simulator for avoiding possible 

collisions, then, with the help of our UI, the J2B2 was driven through the maze 

described in the previous chapter.  

- The coordinates of the different positions along both paths (simulated and real 

ones) were stored for the subsequent analysis. 

- Once that the J2B2 robot reached the goal, both tracks were drawn for their 

comparison. 

- Finally, the J2B2 was driven back to the original position and the tracks were 

drawn and compared again. 
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The following graph shows the obtained result: 

 

 Figure 34. One-way and round trip tracks (Average Speed=0.15 m/s) 

The image on the left correspond to one way and the round-trip is shown on the right. 

The real track is shown by the blue line whereas the pink one shows the prediction. It 

can be easily observed how the prediction “loses” the real track in the first turning 

maneuver. From that position the simulator becomes useless since all the subsequent 

predictions are wrong (they would have led the robot to crash into the walls 

eventually). Moreover, the offset between the tracks is increased progressively and 

both the position and the heading of the final point differ clearly. 

 

The test was repeated several times and the reliability of the simulator showed a high 

dependence on the driving speed and on the number of turning maneuvers. The 

picture below shows the tracks for a different average speed: 

 

Figure 35.  One-way and round trip tracks (Average Speed=0.11 m/s) 

 

Once more, the error between the final real position and heading and the predicted 

ones seems to be too great for a reasonable simulation.  
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The goal of this section was not to characterize the behavior of the simulator but to 

find out if it could be useful for our purposes. Therefore, and according to the 

obtained results it can be derived that the current simulator itself cannot be used as a 

PD. 

 

 6.2 Correcting the simulator 

So far, the existing simulator does not seem to be a useful tool to mitigate the effects 

of time delay. Nevertheless, a deeper analysis of the previous section shows that the 

simulator works in an acceptable way for short term predictions. This means that the 

error that makes his use unfeasible as a PD is not more than the addition of small 

errors that becomes significant eventually. Therefore, if we are able to implement a 

feedback algorithm that introduces some short term corrections to those predictions 

the long term behavior of the simulator should be also improved.   

6.2.1 The correction algorithm 

The localization method used in our application is based in the information provided 

by the laser range finder onboard the J2B2 robot. The SICK Laser Measurement 

Sensor 200 retrieves a distance profile of reflecting obstacles in a 180° field of view at 

a height of 50 cm above the ground (2D information). The angular resolution is set to 

1° and the measurements are accurate up to 1 cm at a systematic error of +/- 1.5 cm. 

The frequency of these measurements is 8 Hz (8 samples per second) which means 

that the position of the robot is updated every 125 milliseconds. 

For every update, the configuration of the robot can be describe in a homogeneous 

transformation matrix of the form 

                                                                        

 

where α is the heading angle and x and y are the coordinates (we assume that the 

robot is driven in a flat terrain -2 dimensions-). 

http://www.pages.drexel.edu/~kws23/tutorials/sick/sick.html
http://www.pages.drexel.edu/~kws23/tutorials/sick/sick.html
http://www.pages.drexel.edu/~kws23/tutorials/sick/sick.html
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From this point of view, for an N number of samples the current position and heading 

can be expressed as 

 

                        PN = P0 · P0
-1

· P1· P1
-1

· … · PN-1
-1

· PN = I · PN = PN                               

 

In a delayed teleoperation the “amount” of delay can be assumed as the number of 

samples where the predicted position and heading are used to estimate the current 

position and heading (the real information coming from the laser scanner has not 

arrived yet). Therefore, if C is the corrected prediction homogeneous transformation 

matrix, R is the real data matrix homogeneous transformation matrix (based on the 

information coming from the laser scanner), and P is the predicted one (based on the 

information coming from the simulator), the correction algorithm can be expressed as  

            CN = R0 · P0
-1

· P1· P1
-1

· … · PN-1
-1

· PN = R0 · P0
-1

· I · PN = R0 · P0
-1

· PN          

which means that the delayed real samples are used as a correction factor (the product 

R0 · P0
-1 

modifies the current prediction). Note that if the prediction was completely 

correct then  

                           CN = R0 · P0
-1

· PN = R0 · R0
-1

· PN = PN                                                          

and also that if the robot has not being driven for N samples then 

                           CN = R0 · P0
-1

· PN = R0 · PN
-1

· PN = R0    (real position)                    

In order to implement this algorithm correctly, the information has to be stored in a 

buffer whose length (number of samples) depends on the existing delay (at least it has 

to be able to store N samples corresponding to the existing delay): 

                                                                                                                              

P0 P1 P2 . . . . . . PN    

 

 

From now on the delay will be described in terms on samples instead of seconds. 

Obviously, it makes no difference since the frequency (samples per second) can be 

found out easily.  

 

RN      .   . . . . . R2 R1 R0     
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6.2.2 Testing the correction algorithm 

Once that the algorithm was implemented in our application, we proceed to repeat the 

same test explained in the first point of this chapter. The only difference yields in the 

fact that is that this time the tracks of the C, P and R matrices were stored and drawn. 

The experiment was repeated with different delays (7, 11, 14, 21, 28 and 35 samples) 

and the results are shown below: 

 

 

 

 

The sky blue line shows the corrected prediction. The performance seems to be really 

good since it matches the real track (navy blue line) for a great percentage of the 

whole track. The oscillations observed when time delay is increased are acceptable 

since they still allow the user to drive the robot without crashing into the walls. In any 

7 Samples Delay 

35 Samples Delay 28 Samples Delay 

11 Samples Delay 

21 Samples Delay 14 Samples Delay 
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case, the improvement of the performance in relation to the prediction coming from 

the simulator (pink line) is remarkable.  

 

The introduction of the correction algorithm has clearly improved the performance of 

the J2B2 simulator, and now it seems to be a good candidate for becoming a PD. 

Therefore, the next step will be to repeat the teleoperation test carried out in the 

previous chapter by using our brand new PD. 

6.3 Testing the PD 

As it was mentioned above, the test carried out in Chapter 5 was repeated. This means 

that, starting from the same place, three different users had to drive J2B2 through the 

maze and get the goal in the minimum time possible. A set of different levels of time 

delay (0, 5, 10, 20 and 40 samples) were applied and the PD was tested; first without 

the prediction (the users felt the delay), and then including the prediction modified by 

the correction algorithm (PD). One important difference is that this time the user 

interface was the PD itself, which was running in a different computer (Linux 

machine). Anyway, the help of the formerly used application (with the necessary 

changes) was still needed. This application took care of both the control of the real 

robot and the simulator, by sending the commands as well as the corrected predictions 

(based on the data coming from the real robot) in the PD case. 

 

 

Figure 36. Feedback Schema 
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6.3.1 The User Interface 

 

In this test, the UI was the simulator itself. The first step was to load the necessary 

map in the PD. The way of doing this is by using an .XML file where the coordinates 

of the different walls, as well as their height and width, must be defined. In the same 

way, the desired robot has to be defined as well as his initial coordinates and heading. 

The graph below shows the required XML file in our test: 

 

Figure 37. Definition of the map in the XML file 

After loading the map, the displayed interface looked as follows: 

 

 

Figure 38. Two perspectives of the PD 

The angle of the display can be easily modified according to the will of each user. 

Besides, a view from a camera onboard the robot is also available. Nevertheless, the 

same view was fixed for every user in this test. This one is shown in the next picture: 
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Figure 39. View of the PD during the test 

 

6.3.2 The results 

 

The test was successfully performed and the results are shown in the tables below: 

 

Time Delay 

(Num. of 

Samples) 

User 1 

No Predicted Correction Predicted Correction 

Completion 

Time (s) 

Path 

Length 

(m) 

Average 

Speed 

(m/s) 

Time (s) 

Path 

Length 

(m) 

Average 

Speed 

(m/s) 

0 44.9100 6.5600 0.1500 44.9100 6.5600 0.1500 

5 91.3640 6.5800 0.0700 64.0000 6.7000 0.1100 

10 92.0000 6.6800 0.0700 66.0000 6.3300 0.1000 

20 110.0000 6.6000 0.0600 67.0000 6.6100 0.0900 

40 175.0000 6.7200 0.0400 134.0000 6.9800 0.0500 

Table 1. User 1 Data 
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Time Delay 

(Num. of 

Samples) 

User 2 

No Predicted Correction Predicted Correction 

Completion 

Time (s) 

Path 

Length 

(m) 

Average 

Speed 

(m/s) 

Time (s) 

Path 

Length 

(m) 

Average 

Speed 

(m/s) 

0 41.100 6.600 0.1606 41.100 6.600 0.1606 

5 69.0000 8.8000 0.1300 58.2000 7.2500 0.1300 

10 75.0000 7.0500 0.1000 63.0000 7.9600 0.1100 

20 83.0000 7.500 0.0900 68.0000 7.2700 0.1100 

40 115.5000 7.7600 0.0675 102.0000 8.5400 0.0800 

Table 2. User 2 Data 

 

 

Time Delay 

(Num. of 

Samples) 

User3 

No Predicted Correction Predicted Correction 

Completion 

Time (s) 

Path 

Length 

(m) 

Average 

Speed 

(m/s) 

Time (s) 

Path 

Length 

(m) 

Average 

Speed 

(m/s) 

0 61.600 6.9700 0.0900 61.600 6.9700 0.0900 

5 95.600 7.9400 0.0800 78.4000 6.3700 0.0800 

10 148.500 6.7200 0.0500 85.5000 6.9000 0.0800 

20 164.400 7.2400 0.0400 96.5000 6.8200 0.0700 

40 254.100  7.4700 0.0300 153.4000 7.1400 0.0500 

Table 3. User 3 Data 

 

In order to understand and analyze these results in a proper manner, a set of different 

plots were carried out, where the different parameters of interest of every user were 

compared. The first one was the completion time. The following plots show the 

results: 
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Figure 40. Completion Time vs. Time Delay (User 1) 

 

Figure 41. Completion Time vs. Time Delay (User 2) 

 

Figure 42. Completion Time vs. Time Delay (User 3) 
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The graphs show a clear improvement of the completion time when the predicted 

correction is introduced. On the other hand, the effect of the increase of the time delay 

is also shown. From a certain value of the delay (20 samples) the improvement is 

fixed to a certain value (this value depends on the quality/accuracy of the prediction). 

This effect can be also observed when the average of the completion time is plotted:    

 

Figure 43. Average Completion Time vs. Time Delay 

According to some previous studies in this field (i.e. Bejczy annd Kim experiment, 

described in Chapter 2) the use of a PD was supposed to introduce an improvement in 

the completion time (up to the 50% in Bejczy annd Kim experiment). The estimation 

of percentage of the improvement for our experiment is shown in the next graph:  

 

 

Figure 44. Completion Time Reduction vs. Time 
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The black dotted line shows that the average of the completion time reduction varies 

from 20% to 33%, which can be considered as a good performance (inside the range 

of some of the previously described experiments). 

 

Since the completion time is the most important parameter of this experiment, at this 

point it is possible to state the usefulness of our PD as a mitigation tool in 

teleoperation systems with time delay. In the previous chapter, the teleoperation test 

showed that, without the help of a PD, the driving of the robot became really hard and 

eventually unfeasible for delays greater than 500 milliseconds. The introduction of a 

PD has demonstrated a very important improvement for this simple navigation task, 

since in the new teleoperation test the users were able to drive the robot in a 

reasonable completion time for delays up to 25 samples, equivalent to 3-4 seconds 

delay (the number of processed samples per second varies from 6 to 8, depending on 

the computational load in the processor).  

 

Anyway, the study of the rest of the parameters can also bring some valuable 

information, so the next parameter to be plotted and analyzed was the average speed.  

The parameter is shown for every user in the next three plots: 

 

 

Figure 45. Average Speed vs. Time Delay (User 1)  
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Figure 46. Average Speed vs. Time Delay (User 2) 

 

Figure 47. Average Speed vs. Time Delay (User 3) 

 

As it was expected, an increase of the average speed for every user is observed when 

the predictive correction is used. Nevertheless, the increment is not as great as the one 

showed at the time completion graphs. The explanation can be found in the graphs 

that show the different path lengths: 
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Figure 48. Path Lenght vs. Time Delay (User 1) 

 

Figure 49. Path Lenght vs. Time Delay (User 2) 

 

Figure 50. Path Lenght vs. Time Delay (User 3) 
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An increase in the path length in the first two delayed driving test is observed. This 

can be a consequence of the “learning process”. Anyway, the path length seems not to 

be correlated to the use of the corrected prediction. This is due to two main reasons: 

 

- When the prediction is not displayed, the user follows a move-and-wait 

strategy. This means that the completion time is increased, but the robot is 

driven along lots of short paths (no driving mistakes). On the other hand, when 

the prediction is displayed, the user feels more confident and drives the robot 

in a faster way, which leads him to make more driving mistakes (the term 

“driving mistake” here means that the driven path is longer that the optimal 

one) 

- As it was shown on this chapter, the greater the delay is, the more often the 

oscillations of the predicted path take place. And these oscillations clearly 

enlarge the path length. 

6.4 Beyond the Maze 

The previous teleoperation test showed how the use of the PD improved the 

performance of a specific driven task inside a small maze. Nevertheless, we also 

wanted to test the behavior of the PD in a wide open environment where the robot 

could be driven in a faster way. For that purpose, the following simple test was 

carried out: 

- First the map of the first floor of the TKK Automation building was modeled 

by using the appropriate XML file.  

- Then the robot was placed in one of the extremes of the corridor and it had to 

reach a certain number of check points along an estimated path of 25 meters 

(the check paths were selected for forcing the user to carry out some turning 

maneuvers). 

- Once more, the tracks of the prediction, the corrected prediction and the real 

path were drawn. 
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The following figure explains the experiment: 

 

 

 

 

Figure 51. Test at the Automation Department 

 

The test was repeated for a delay of 7, 14, 21 and 28 samples and the results showed a 

good performance (the corrected prediction track used to match the real one) of the 

PD, even when the robot was driven with high speeds (0.2 m/s to 0.3 m/s), for the first 

two cases (7 and 14 samples). The pictures below show the different tracks in the last 

segment of the proposed path: 
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Figure 52. Tracks for a delay of 7 and 14 samples 

 

 

 

Figure 53.Tracks for a delay of 21 and 28 samples 
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6.5 Adding new features to the PD 

6.5.1 Simultaneous Localization and Mapping 

 

One of the problems of our PD was that the world has to be modeled accurately in a 

map that subsequently is loaded in the simulator. This is a process which normally 

takes a lot of time and that it is not always possible.  

 

On the other hand, our original application is based on the concept called SLAM 

(Simultaneous Localization and Mapping) [19]. Nowadays, it is one of the most 

significant themes of the worldwide robotics research effort and it basically means 

the  robot is able to “built” the world that surrounds it as long as it is been driven (no 

former knowledge of the environment).  

 

By combining both concepts, a new feature was added to the PD. It works as follows:  

 

- an empty map is loaded in the simulator 

- the original application detects any obstacle and locates it in a map 

(coordinates) 

- the coordinates of the obstacle are calculated, transformed in the proper way 

and sent to the simulator so it can build a wall in the specific location 

- an internal algorithm ensures the updating process of the table containing the 

existing walls in a way that only the coordinates of the new walls are sent to 

the simulator 

- the resolution, height and width of the walls can be configure  

   

The following pictures show the SLAM maps that correspond to the already known 

maze and also to the floor of the Automation Department: 
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Figure 54. Maze SLAM Map 

 

 

Figure 55. Automation Department SLAM Map 

 

 

6.5.2 An Audio Experience 

 

The usefulness of the auditory feedback has been proved in teleoperated systems [20], 

since it makes the user feels “closer” to the teleoperator.  

 

In our teleoperation system, the control of the different maneuvers was done by using 

of a simple joystick. The users had, not only a visual perception of the driven robot, 
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but also an auditory experience so their reactions were based both in the information 

coming from the PD (images) and in the sound indicating the robot was been driven 

(noise of the engine).  

 

This feature was introduced in the application code (it is based on SDL sound library) 

and it makes possible to reproduce a specified sound file (with formats such as WAV 

and MP3) when the joystick is activated. This file can be modified and chosen by the 

user, so different sounds can be played (i.e. the sound of the engines of the robot, or 

the contact of the wheels of the robot with the ground).  
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Chapter 7  

Conclusions 

The experiments carried out for this thesis work have clearly showed the effects of 

time delay in a basic teleoperated system. Besides, some techniques have been 

successfully developed and implemented in order to mitigate such effects.   

 

The obtained results have fulfilled the expectations based on the previous work 

carried out in this field. We have achieved an average improvement of 30% in the 

completion time for a given specific task and, even though such results cannot be 

completely extrapolated since they are dependent on the mentioned task (a simple 

navigation one in our case) and on the specific teleoperated robot (the J2B2 robot), 

they still can be useful for facing the time delay problem in similar conditions. For 

example, the introduction of a feedback algorithm in the available simulator has been 

proved to be extremely helpful in the improvement of the system performance, in 

spite of the simulator was previously shown not to be very accurate. Then, it was 

demonstrated that the developed PD can be a very useful input for the work that is 

been carried out at Julius Maximilian University of Wurzburg. Besides, the use of the 

SLAM feature as well as the audio experience one can be easily adapted and used in 

the control of the AVANT robot at Tampere University  of  Technology. 

 

To conclude, we would like to point out that there are still a huge number of different 

improvements that can be introduced to the system. Some of them will be discussed in 

the next chapter as a part of the future work. 
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Chapter 8 

Further work 

There are several lines of work that could be followed in order to improve the 

performance of the teleoperated system. Some of them could be: 

 

 Improvement of the simulator behavior. The response of the simulator has showed 

important differences with the real one.  A better tuning of the simulator would 

improve considerably the performance of the whole system. Some features, as the 

modeling of the terrain, could help in that purpose. 

 Addition of new features to the PD. For example, the use of the information 

coming from the stereo camera could be added and displayed, so the grade of 

immersion would become higher. 

 Improvement of the SLAM feature. So far it is only able to draw straight walls 

from the information coming from the laser scanner. Different sources could be 

combined (laser, camera) in order to provide different structures/shapes. 

 Development of new tests in different environments (more complex tasks, larger 

spaces).          
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