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Abstract 
 
Daniel Johansson (2012): Convergence in Mixed Reality-Virtuality 
Environments – Facilitating Natural User Behavior. Örebro Studies in 
Technology 53, 71 pp. 
 
This thesis addresses the subject of converging real and virtual environ-
ments to a combined entity that can facilitate physiologically complying 
interfaces for the purpose of training. Based on the mobility and physio-
logical demands of dismounted soldiers, the base assumption is that greater 
immersion means better learning and potentially higher training transfer. 
As the user can interface with the system in a natural way, more focus and 
energy can be used for training rather than for control itself. Identified 
requirements on a simulator relating to physical and psychological user 
aspects are support for unobtrusive and wireless use, high field of view, 
high performance tracking, use of authentic tools, ability to see other train-
ees, unrestricted movement and physical feedback. Using only commer-
cially available systems would be prohibitively expensive whilst not provid-
ing a solution that would be fully optimized for the target group for this 
simulator. For this reason, most of the systems that compose the simulator 
are custom made to facilitate physiological human aspects as well as to 
bring down costs. With the use of chroma keying, a cylindrical simulator 
room and parallax corrected high field of view video see-though head 
mounted displays, the real and virtual reality are mixed. This facilitates use 
of real tool as well as layering and manipulation of real and virtual objects. 
Furthermore, a novel omnidirectional floor and thereto interface scheme is 
developed to allow limitless physical walking to be used for virtual transla-
tion. A physically confined real space is thereby transformed into an infi-
nite converged environment. The omnidirectional floor regulation algo-
rithm can also provide physical feedback through adjustment of the veloc-
ity in order to synchronize virtual obstacles with the surrounding simulator 
walls. As an alternative simulator target use, an omnidirectional robotic 
platform has been developed that can match the user movements. This can 
be utilized to increase situation awareness in telepresence applications.  

Keywords: Mixed reality. augmented reality, augmented virtuality, head 
mounted display, omnidirectional floor, natural interface, telepresence. 
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Introduction 
A brief introduction is given in this chapter to make the reader acquainted 
with the problem area of professional training simulators. Moreover, the 
research purpose, research questions and research delimitations, as well as 
the thesis structure, are presented. 

Background 
High fidelity simulator training is used in a multitude of fields as a way to 
increase and maintain personnel skills. Simulators enable resource savings 
where use of authentic equipment for training would be paired with a sig-
nificant cost, especially for training that requires numerous sessions and 
repetitions. Furthermore, some personnel practice their skills in environ-
ments that are hazardous in one way or another and training within them 
would be undesirable. Simulator training could be used to prepare the per-
sonnel without any physical risk. It would also enable training when au-
thentic areas or equipment are unavailable or located far away. In addition 
to this, simulator training offers the possibility to train in a variety of cir-
cumstances or scenarios. 

The fidelity of simulators is often coupled to the level of realism required 
to effectively learn the skill. A descriptive example is the various types of 
airplane simulators available to pilots and student pilots. One side of the 
spectrum consists of relatively simplistic desktop setups, meant as familia-
risation with airplane instruments and controls, basic navigation, path 
planning and pattern following. What they in practice are not meant to be 
is a substitute for actually flying an airplane. However, the need for initial 
familiarisation for a student pilot can be fulfilled to some extent without 
costly airplane rentals and instructor fees. Flying a real airplane requires 
that many of the basic principles are already known for quick and virtually 
automatic responses. For a novel student this can mean that training be-
comes inefficient in a real airplane, where focus cannot lie on one single 
item until it is fully understood. 

On the other side of the fidelity spectra lie simulators that actually 
mimic real airplanes. Training within these can in some cases be counted as 
equivalent to flying a real airplane. These often consist of avionics that are 
indistinguishable from authentic and systems for visualisation of the virtual 
environment that has very high acuity. For the highest level of realism the 
simulators are also placed on a moving base platform, which can change 
the gravitational vector by tilting and moving the simulator, thereby 
achieving the illusion of acceleration and deceleration within the cockpit. 
Such simulators are used in the final stages of pilot certification stages to 
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verify the pilot’s full skills when flying the airplane. Often the simulators 
are built to emulate large airliners that would be tremendously expensive 
to fly for the full duration of required flight hours. The simulator also en-
ables various airplane faults to be simulated, which a pilot is recurrently 
required to train and master. Authentic training of such faults in a real 
plane would most likely be catastrophic. 

The purpose of these highest fidelity simulators is to mimic the real 
world, as far as technologically possible and economically feasible. This 
effect can only be achieved if the simulator can create a psychological and 
physiological experience that is similar to an authentic situation. The closer 
the simulation is to the real world, the more immersed can the trainee feel. 
This can achieve a higher likelihood that the training will be remembered 
as authentic, and the desired behaviour learnt can potentially be trans-
ferred into a real situation more effectively, commonly referred to as posi-
tive transfer. As more natural interfaces are used, further real-world as-
pects can be introduced and emulated, such as wind, heat, motion etcetera. 
These additional sensory inputs could though be ineffective in a desktop 
setup. 

Statement of the Problem 
Although the aforementioned simulator fidelity spectrum exists in a wide 
range of fields, such as aviation, maritime, railway, land transportation 
and defence, these simulators are normally aimed for crews of vehicles. 
However, performing work outside of a vehicle can also be paired with 
considerable safety risks and economical values. Simulator training for 
personnel that practice their skills outside of the vehicles is though not as 
available and normally confined to simulators in the lower range of the 
fidelity spectrum. This is due to the diversity of tasks that can be required 
by such personnel as well as varying environments and working conditions. 
Equipment of various sorts can also be used and a high degree of physical 
mobility compared to a stationary vehicle crew is commonly implied. 
Many skills can easily be trained through a desktop setup. But analogous 
to the airplane example, there are situations which cannot fully be simu-
lated in this way. Such situations can be where personnel rely on multimo-
dal sensory input either for safety or for correct execution of the task. This 
can be for example personnel in fields such as manufacturing industries, 
police and fire departments or military dismounted infantry. In all cases, 
when faced with an authentic situation, there can be more factors to take 
into account than a setup with a screen, a mouse and a keyboard can simu-
late. Physical stress, for example, can alter perception of situations and 
psychological stress can be induced as a consequence, which in turn can 
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affect the user’s judgement. Example scenarios can be evacuation of a sink-
ing ship or a burning building. A desktop based simulator can accurately 
provide a virtual model which a trainee can move within, using the desktop 
peripherals. However, it would be unlikely to achieve the physical and 
psychological stress perceived in an authentic situation, which is why for 
example high fidelity flight simulators exist. Fatigue, impaired vision and 
hearing would affect a trainee more when it is experienced directly, com-
pared to emulated through a monitor. For example, smoke can fill the 
entire physiological field of view in the first case while not in the latter. 
Stress could then mean more realistic path finding and problem solving 
which could impose difficulties. The preconception is that as a trainee feels 
more immersed in the training scenario, he or she will be better prepared. 
Training becomes multifaceted where not only cognitive learning is used, 
but also psychological reactions are triggered. A moving trainee also uses 
the body in a more natural way which can lead to benefits within limb 
motor control and memory. 

In manufacturing, assembly line workers can learn how to assemble a 
new generation of products before they actually exist. This virtual manu-
facturing can be learnt more effectively if real tools can be used in an au-
thentic way with the same movements as in the real world. The spatial 
orientation of objects can also be easier to comprehend when a trainee can 
simply move the body and head to take a look around objects, creating a 
more detailed understanding of the environment. Using a natural interface 
enables the trainee to focus on the simulated environment instead of spend-
ing some of the attention on how to actually move around within it. 

Areas within psychology, such as treatment for phobia and post trau-
matic stress disorder, also utilise virtual reality to some extent. An en-
hanced and more natural interface could increase the effect further. 

Today’s technology is not able to provide a low-cost commercially 
available simulator system that is user centric. The available hardware is 
bulky, expensive and limits the user’s senses and abilities. With multiple 
users training together cooperatively, simulator equipment must be low 
cost. Worn equipment must also not restrict the user’s behaviour due to 
physical features, tethers or potentially costly accidents, and should be 
similar in size, weight and cost to equipment normally used. The ability to 
use the body’s normal mean to physically move is fundamental, and 
equipment to enable coordinated real and virtual walking in all directions 
is, with few limited exceptions, currently unavailable. 

The Swedish company MSE Weibull AB develops simulators for civil 
and defence purposes, ranging from trains and planes to tanks. A need has 
been identified to allow coexistence of defence personnel of different kinds 
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into the same virtual training environment. One scenario is to include dis-
mounted infantry soldiers into the same virtual world as a tank crew, 
where the following criterions should be fulfilled. 
 

• Ideally the soldiers would be able to ride within the tank simulator, 
and when prompted to do so, open a tank door to physically walk 
out into a virtual environment where they would be free to move 
without boundaries or restrictions caused by the simulator equip-
ment. 

• The soldiers should be able to see and interact with authentic 
equipment within the virtual world, with minimal modification to 
the equipment itself. 

 

Purpose of the Research 
The purpose of this research is to develop a simulator with an interface 
that facilitates natural and unrestricted movement without boundaries, 
physical feedback of the virtual environment and utilisation of authentic 
equipment in order to enhance the effect of training through a high level of 
immersion. As current technology is in some instances prohibitively expen-
sive, one aspect of the research is to find less expensive ways to fulfil these 
requirements. 

Objectives 
The specific objectives of this research are: 
 

• Identify important human capabilities that need to be facilitated for 
high end fidelity. 

• Propose solutions on how facilitation of required capabilities can be 
made. 

• Develop cost-effective proof-of-concept hardware and software for 
a fully functioning simulator demonstrator. The base version should 
be fully functional for a relatively low cost in order to make the 
technology available to a broad spectrum of users. 

 

Research Questions 
In order to fulfil the above-stated objectives, the following research ques-
tions have been raised: 
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1. What are the capabilities and senses that dominate when a task is 
conducted? 

2. How can input to these human senses be emulated through tech-
nology? 

3. How can technology be used to facilitate natural human output? 
4. What is the level of fidelity required in used technology to fulfil 

questions two and three? 
5. What kind of side-effects can sensory manipulation cause? 
6. Where is the technology most effective? 

 

Scope and Delimitations of the Study 
Based on available resources and according to the research purpose and 
objectives, as well as industrial interests, the scope and limitation of this 
study are as follows: 
 

• Non-static work tasks exist in a variety of fields which in turn re-
quires diverse types of tools. Since the industrial partner in the pre-
sent study prioritised defence applications and especially dis-
mounted infantry, this is the main focus of the implementation of 
the study. 

• Developed solutions must be inexpensive due to available funding 
and a desired wide user base. The visualised multiple setup for co-
operative training also requires several instances of hardware. 

• The solutions are developed to facilitate natural behaviour within 
the simulator, with the ultimate goal of real and virtual conver-
gence. The analysis of actual long term training effect and transfer 
requires time and resources beyond this work. 

 

Structure of the Thesis 
Chapter 1: Introduction and background - This chapter presents a brief 
background dealing with the importance of simulator training support for 
non-static personnel. The chapter also describes, explains and outlines the 
research purpose, the research questions and the limitations of the re-
search. The chapter explains the extent of the theoretical framework, 
which is described in more detail in Chapter 2. 
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Chapter 2: Theoretical Framework - The chapter describes the different 
fields encountered in the work with the development of the simulator. The 
fields are outlined and current state of the art related to the work is ex-
plained. 
 
Chapter 3: Method - Here, the method is described that is used to engage 
and maintain the work towards a converging simulator. 
 
Chapter 4: Results and Discussion - This chapter contains the findings, 
theoretical and experimental solutions as well as implementations of the 
various simulator components. 
 
Chapter 5: Conclusions - Here the project’s general conclusions are pre-
sented. Also, the achieved result’s relation towards the research objectives 
and research questions are given and discussed. 
 
Chapter 6: Outlook – The future work of the simulator and its components 
are here presented and discussed. 
 
Chapter 7: Author Contribution - In this chapter the contributions made 
from the present author is given. 
 
Chapter 8: Scientific Contribution - Here, the project’s contribution to new 
knowledge is presented in terms of novel combinations of existing knowl-
edge as well as new findings. 
 
Chapter 9: Appended Papers - This chapter presents the appended research 
papers with an individual summary, relationship to research questions as 
well as contributions to knowledge and advances in technology. 
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Theoretical Framework 
This chapter provides the theoretical framework and the basic concepts 
used within this research. 

Display Systems 
A spatially movable user is largely dependent on the ability to take in and 
react to the surrounding, referred to as situation awareness. Although diffi-
cult to quantify, the ability to fully utilise the ocular sense is crucial as the 
human is dependent not only on the ability to identify objects in the central 
as well as peripheral areas, but also as the vestibular system is closely con-
nected to the vision to maintain balance. Therefore the display system, 
which displays the virtual world to the user, should support high acuity 
and high field of view, whilst supporting a movable user [Livingston et al., 
2006; Lampton, 2005]. 

The two display types that can meet such requirements are either head 
mounted displays (HMDs) or projection systems. The latter can create a 
projection on the surrounding simulator walls, thereby representing the 
virtual world in all directions and therefore support the full human field of 
view. As the user moves the virtual world is redrawn based on the position 
of the user’s viewpoint. A HMD on the other hand is a display that is static 
relative to the user’s eyes. As the user moves the displayed virtual world is 
drawn based on both the position and rotation of the viewpoint. 

The different technologies both have advantages over each other regard-
ing space, software complexity, field of view, illumination, and so on. This 
project has focused on HMDs due to the fact that they allow virtual ob-
jects to be rendered above real objects within the simulator and that real 
objects can be digitalised and manipulated before presented to the user. A 
HMD also has a static focus point and constant pixel per angular degree 
ratio. Projection systems require the user to focus on the walls, with acuity 
and comfort depending on physical position relative to these. 

Stereoscopic displays can be beneficial to effectiveness as it introduces 
depth information, if properly calibrated. The depth information can be 
used in conjunction with other cues, such as occlusion and relative motion, 
to extract both absolute and relative depth of real and virtual objects. 
Stereoscopy can be created in several ways, with the common purpose to 
provide a unique rendition of the computer generated imagery from a 
slightly different vantage point to each eye. For HMDs the most common 
is to use one micro-display for each eye. Projector based solutions can in-
stead achieve this by using dual projections sets with polarizing filters on 
the projectors and before the user’s eyes. A single high resolution projector 
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with dual polarising lenses is currently common in theatres. Another way is 
to use frame-sequential images in combination with worn synchronised 
shutter glasses. A final solution is to use colour-coded stereoscopy, where 
the two channels have different colour ranges. Combined with colour fil-
ters in front of the user’s eyes, the left and right images can reach the cor-
rect eye. Anaglyphic stereoscopy is the crudest variant of this which uses 
for example red for one channel and blue and green for the other. Al-
though the effect is stereoscopic, there are issues with the differentiating 
colour and brightness levels as well as potential ghosting due to colour 
leakage in the filters. Dolby 3D on the other hand, divides the colour spec-
trum in three per eye. In combination with dichroic filters in front of the 
user’s eyes, stereoscopy can be created with significantly less side-effects 
compared to anaglyphs. 

Mixed Reality 
Reality and virtuality can graphically be blended in several ways. Milgram 
and Kishino defined a mixed reality continuum ranging from a purely real 
environment to a purely virtual environment. In between lay augmented 
reality and augmented virtuality, where the former is an augmentation of a 
real world by virtual objects whilst the latter is the opposite [Milgram and 
Kishino, 1994]. This project has mainly been conducted in the realm of 
augmented virtuality, where a virtual world is the prominent attribute, 
augmented by both real and virtual objects. 

The process of augmentation in this case involves three steps and techni-
cal equipment in the form of a HMD with video see-through capabilities, 
and a processing unit. Video cameras are mounted on the HMD as close as 
possible to the eyes to maintain the optical path and minimise parallax 
differences. In the first step, image acquisition, images from the cameras 
are retrieved into the processing unit. In the second step, image processing, 
all pixels are evaluated based on colour and suitable filters to establish if 
each pixel is part of the background or foreground. This process is referred 
to as chroma keying. If a pixel is part of the background, the pixel’s opac-
ity is set to zero, or according to the filter in use if close to a border of a 
foreground object. The colour of the background is established either be-
forehand or at runtime depending on environmental circumstances, and the 
algorithm is determined accordingly. When the image processing step is 
completed, the resulting image contains only foreground objects, such as 
hands, tools and fellow trainees [vd Bergh and Lalioti, 1999]. In the last 
step, this image is merged on top of the rendered virtual environment 
frame, thereby adding real objects onto the virtual world. In the next step, 
the frame can either be presented or further augmented. In this project, 
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virtual objects have been merged on top of real objects to adapt these to a 
virtual setting. For example when a weapon equipped with a scope is util-
ised, a virtual rendition is laid on top of the scope to display a zoomed 
view of the virtual world as seen through the scope. 

Real-time chroma keying can be made by external hardware by using 
the rendered output from the graphics card and camera images as inputs to 
a field programmable gate array (FPGA). The inputs are chroma keyed and 
output as a single channel. This setup requires no modification in the vir-
tual world rendering software and has been used in various projects includ-
ing dismounted infantry simulators [Micheletti and Wurpts]. 

It can be desirable to avoid the costly external hardware but without the 
additional need to modify the rendering software to support camera inputs 
and chroma keying. For this reason a software module using dynamic-link 
library (DLL) redirection can be employed [ethicalhacker.net]. 

With the use of a DLL for intercepting some of the graphic language 
calls from the rendering software, camera images and chroma keying can 
be made with the rendered output without modification. Furthermore, a 
shared memory section within the DLL enables the chroma keying task to 
be made in parallel as the data acquisition and image analysis can be made 
in a separate process. 

Designing a HMD for mixed reality needs to take several aspects into 
account to enable effective use without side-effects. One of the most impor-
tant aspects is to provide a parallax free see-though capability, meaning 
that the cameras that represent the user’s eyes also are placed at the eye 
point of the user. Other factors are the interpupillary distance, field of view 
match between the real and virtual world as well as the accommodation-
vergence conflict [Drascic and Milgram, 1996]. 

In cases where projector based display solutions are utilised in place of a 
HMD, no chroma keying is required as the blending of real and virtual 
objects are made naturally without the requirement of real-time image 
capturing and blending hardware or software. One limitation of this setup 
is that no virtual objects can be laid over real entities without the use of 
additional displays. However, important benefits are that body-mounted 
display equipment is not required and that a panoramic field of view can 
be achieved. The best display solution to choose is therefore dependent on 
the application itself and the training tasks to be performed. 

Fidelity, Immersion and Presence 
The notions of fidelity, immersion and presence appear frequently in the 
work towards more realistic simulators. Fidelity is a measurement of the 
similarity of the simulator compared to the original. A replicated button 



22 I DANIEL JOHANSSON  Convergence in Mixed Reality-Virtuality Environments 
 

has higher fidelity than a touch screen simulation of the same. Immersion is 
an objective measurement relating to the immersiveness of the hardware. 
For example, a HMD with a field of view of 101 degrees has higher im-
mersion than one with 100 degrees. A simulator facilitating the use of un-
restricted walking would have a higher level of immersion than a simulator 
without such capability. In this type of simulator, vision is an integral 
component. The use of display equipment with higher resolution yields 
better acuity within the virtual world, thereby increasing both fidelity and 
immersion. 

Although debated, the general consensus is that the objective notions of 
fidelity and immersion can in turn lead to the subjective notion of presence. 
This is how psychologically present the user of a simulator feels within the 
simulated environment. Although difficult to measure, a good indication of 
presence is if a user creates a memory of the experience as he or she would 
do in an authentic situation. When a user feels present in a simulated sce-
nario, the effectiveness can be raised due to the fact that the experience 
more closely resembles the authentic situation [Witmer and Singer, 1998; 
Slater, 1999]. 

Omnidirectional Movement 
The goal with this project is to increase the above stated notions to a level 
above existing technology, for simulators employed for training physically 
mobile personnel. The increase should ideally come to a point where the 
experience is as close as possible to authentic real world training. Even 
though other components of a simulator can be improved to heighten the 
level of fidelity and immersion, there is one integral part of human interac-
tion missing within the current state of technology, with a few exemptions. 
This interaction is the ability to use natural walking in any direction as a 
mean to walk within the virtual environment. Hereto, walking in the vir-
tual world has been forcibly emulated through other means such as joy-
sticks, or through apparatuses or algorithms with the same basic function 
as a joystick. The lack of unrestricted walking support means that a vital 
part of human interaction is missing, with the potential to inhibit the feel-
ing of presence with the use of otherwise highly immersive simulators. 

There are two well known principles that solve the problem of unre-
stricted walking in fundamentally different ways. The first principle is 
based on a suspended and freely rolling sphere, which the user walks 
within. The displacement of the concave surface is induced by the user’s 
own weight as he or she walks [Fernandes, 2003; Latypov, 2011]. Al-
though this is an economical and commercially available solution, there are 
some problems relating to the mechanical structure. One issue is that to 
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induce displacement, the sphere must come into rotation which means 
there is a momentum when accelerating and decelerating. Furthermore, the 
sphere blocks the view which means that a HMD is the only viable display 
solution. Also, the concave training surface is unnatural and not large 
enough to sufficiently support prone positions. 

The second principle provides a true two-dimensional solution to the 
problem although it is costly and is currently only used for scientific pur-
poses. It is based on parallel belt-drives connected into a chain that moves 
perpendicularly. The belts transport a trainee in one dimension while the 
chain transports in the second with the effect that this solution has the 
ability to facilitate walking in any direction at any point of the floor 
[Darken et al., 1997; De Luca et al., 2009; Iwata, 1999]. The downsides 
with this principle are that it is mechanically and electronically compli-
cated, expensive, bulky and therefore hard to deploy in larger numbers. 
Thereto is the safety concern as the user approaches the edges of the floor 
paired with the use of the chain of moving parallel belts. 

Additional principles includes: powered shoes [Iwata et al., 2006], ro-
botic platforms [Iwata et al., 2005], suspended walking devices [Iwata et 
al., 2001] and solutions that do not facilitate true two-dimensional walking 
such as linear treadmills [Hollerbach and Christensen] or semi-linear 
treadmills [De Luca et al., 2007]. Drawbacks with these are either that they 
simply do not provide true omnidirectional walking, or they are not suffi-
ciently developed to be commercially available at a reasonable cost. 

Virtual Entity Feedback 
Haptic feedback is a method to include the user’s sense of touch within the 
simulated environment. This can be achieved through vibration, motion 
and force. Vibrotactile devices [Vierjahn et al., 2009], acoustic radiation 
pressure devices [Iwamoto et al., 2008] and actuators [Cassar and Saliba, 
2010] have been employed in order to emulate the touch of virtual objects. 
Vibrotactile devices and current radiation pressure devices use vibration to 
make the user conscious of objects in the virtual environment. To emulate 
for example object types and textures, the vibrations can be altered in in-
tensity, frequency and temporal pattern. Actuators are able to produce 
more force to a user, commonly the fingers through a glove, or the whole 
arm if the glove is suspended with additional actuators. As a user grabs an 
object, a force is applied to prevent further movement of the human limbs, 
in order to emulate a virtual object. All solutions, however, only emulate 
the sense of touch as no physical objects are actually touched, and all re-
quires additional hardware. 
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Virtual Environments 
One of the main components in a simulator is the software by which a 
computer can create a visual virtual representation of a spatial environ-
ment. The simulator interface hardware then functions as a link between 
the human user and the virtual representation, where the user can control 
different aspects depending on the application. In combination with sound, 
the virtual representation and interface hardware constitute a virtual envi-
ronment [Ellis, 1994]. In this project the virtual representation have been 
used to represent a terrain suitable in size, content and detail for a user to 
walk within. A graphics engine is a series of application programming in-
terfaces (APIs) developed to facilitate loading, management and rendering 
of virtual objects. In combination with APIs for sound, physics and control 
interface, the convention of game or simulation engine is used. Graphics 
engines can be based on the OpenGL and Direct3D graphics languages, 
which are a series of graphics related functions, supported in hardware by 
graphics cards to facilitate fast computing speeds. Drawing is here based 
on rasterisation, the process of converting vector based graphics into pixels 
to be displayed on for example a display. The differences between simula-
tion and game engines are related to development focus. A modern game 
engine needs to be visually competitive among other games, while the tar-
get hardware is fairly fixed in terms of number of displays and processors 
etc. A simulation engine may focus more on the ability to display graphics 
on many displays of different types, distortion correction of output im-
agery depending on display surfaces, decentralised processing, more physi-
cally accurate models and environment, ability to interface with different 
types of interface hardware, synchronicity among several simulators, data-
base design, etc. The choice is therefore somewhat dependent on the inter-
face and display setup contra visual requirements as the gaming industry 
usually has the lead in the latter category. However, the actual benefit of 
the visual requirements to the training effectiveness must also be taken into 
account. 

This project has explored engines from both worlds. The Delta3D simu-
lation engine is open source and used throughout the modelling and simu-
lation community. It uses the Open Scene Graph graphics engine which is 
based on OpenGL, which in turn makes it platform independent. Also ID 
Software’s ID Tech 4 has been used. Game engines that have been em-
ployed are Valve’s Source engine and Crytek’s CryEngine 2. Common for 
both are that they are based on the Direct3D graphics language from Mi-
crosoft. 

Alternative graphics engines that have been explored are based on ray-
tracing instead of rasterisation. Ray-tracing traces a path of light trough 
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the virtual world from the point in space where the virtual image plane 
pixels are located. As the path is traced the light interacts with virtual ob-
jects and changes for example path direction, colour and intensity. A 
drawback is though that the method is computationally intensive as a mul-
titude of paths need to be traced for each pixel to emulate the dynamics of 
real light [Garanzha and Loop, 2010]. An advantage is that the image 
plane can be made in any shape as each pixel’s spatial origin and light tra-
versal direction are arbitrary. This can be beneficial for example with the 
use of non-planar projection surfaces, especially in combination with a 
moving user. The two engines explored have used the same approach to 
the computational problem, although with different target hardware. 
Arauna uses the central processor cores and optimised hardware architec-
ture calls to multi-thread the computations while Nvidia’s Optix uses the 
cores on the graphical processing unit. 

Virtual Representation 
Simulators and training scenarios that facilitate cooperation among more 
than one user need a way to represent the users to each other within the 
virtual scene in order to support real world human interactions from all 
angles. It is common in desktop based simulators to use a virtual three-
dimensional avatar with limited abilities, in terms of interaction, to no 
more than a few in advance animated movements. Simulators that employ 
tracking systems can instead use markers on the users and connect the data 
to the virtual avatar, thereby enabling the transmission of real body 
movements to the virtual scene. 

In some applications, the fine body language is important as it functions 
as a silent, quick and natural way of communication. Information can be 
transmitted with the use of hands, fingers and facial expressions, which 
would require a prohibitively high amount of tracking markers to enable 
the needed resolution, if an ordinary tracking system is employed. Novel 
marker less registration techniques can provide a mean to track a user in 
real-time and extract both a three-dimensional representation of the user, 
as well as colour values for the complete surface [Tschesnok, 2009]. 

Human Factors 
The most important part of a simulation system is the human which is 
there to learn. Human factors is a field that relates to how humans physi-
cally and psychologically interact and learn though a technological system, 
originally conceived to improve aviation safety. In this project the scope is 
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foremost limited to maximise natural human-computer interaction and to 
minimise physiological side-effects. 

The human brain is extremely sensitive to small inaccuracies within the 
biological sensory systems. In this research, vision is the dominant input 
for spatial orientation. Mismatches between the eyes and vestibular system, 
i.e. inter-modality rearrangement, could cause more or less adverse physio-
logical and psychological symptoms characterized within three classes: 
oculomotor, disorientation and nausea. The side-effects, often referred to 
as cybersickness, are though polysymptomatic and polygenic in nature 
which means that experimental isolation is ineffective. Therefore in this 
research, the term ‘negative side-effects’ is a generalisation of the most 
common symptoms and also problems that lead to decreased training effi-
ciency and effectiveness. Training scenarios within areas such as virtual 
manufacturing and dismounted infantry can become more effective if the 
trainee has a high feeling of presence in the augmented world. This is due 
to that the trained task and its context are similar to the real world equiva-
lent regarding spatial orientation, situation awareness capability and physi-
cal movement. However, when technology fails to match human senses or 
cause negative side-effects, the feeling of presence cannot be created or 
maintained. With the use of a HMD to present the surrounding world, the 
wearer’s head must be tracked accurately, with low latency and with suffi-
cient update rate, which in turn puts a high demand on the registration 
system’s capabilities. A small consistent discrepancy in a translational or 
rotational axis would likely not be noticed as the trainee constantly moves. 
However, with too low tracking capability the discrepancy will not be 
consistent or constant which would cause the viewpoint either to flicker, 
lag behind or stutter which is highly likely to be noticed by the trainee. 
Furthermore, the human visual system is also closely coupled to the vesti-
bular system, which provides information about the gravity vector and 
accelerations. Therefore inaccuracies might also have adverse effects on the 
actual movement of the trainee. If the balance sensors indicate differently 
compared to what the eyes sees, the trainee will not be able to move in a 
natural way. The sensation of limb position can also be temporarily af-
fected by mismatched sensory input. 

The HMD itself is another critical component and potential cause of 
symptoms. Low acuity in the display, i.e. resolution, update rate and field 
of view, equals impaired vision through unidentifiable objects, flickering or 
blurring. Also critical is to correctly display images from video see-through 
cameras according to the field of view of the camera lenses to maintain 
correct aspects between the real and virtual world. The cameras should 
also have a high frame rate to avoid blur, and low latency to maintain real-
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time performance. Apart from the physiological symptoms stemmed from 
the use of underperforming systems, there are several psychological aspects 
as well. For example a field of view that is unnaturally small could cause 
excessive head movements due to a low sensation of situation awareness 
which undermines the potential feeling of presence. Presence can only oc-
cur when the user actually can focus on the training task, which is not the 
case when too large limitations in technology are present. Although sen-
sory confusion is not seemingly harmful, the trainee should be able to con-
centrate on the task to be trained instead of feeling sick. Furthermore, 
when stereoscopic displays are employed, calibration is crucial to get the 
stereoscopy to match the user’s vision. Stereoscopy generally can be benefi-
cial to training effectiveness compared to monoscopic displays. It can, 
though, also decrease the level of physical comfort paired with the use of 
the simulator as the accommodation or focus distance is static and does 
not follow the stereoscopic convergence distance. The eyes are used to 
change the focus distance according to the distance of eye convergence, and 
for some users this can be straining [Azuma, 1997; Lewis and Griffin, 
1997; Lo and So, 2001; Stanney and Kennedy, 1997; Kennedy and 
Fowlkes, 1992]. 

The purpose of a simulator is to facilitate the transfer of knowledge of 
how a task should be performed in the real world, so called training trans-
fer. It is important that the behaviour learnt is based on the same premises 
in both the simulator and real world, referred to as duplication. The simu-
lator should duplicate the real world as far as required for the trained task 
as inaccuracies can lead to erroneous behaviour being learned and trans-
ferred to the real world, for example as an undesired strategy developed by 
a user to minimise simulator sickness, or as a motoric skill learnt errone-
ously through an inaccurate tracking system. This is referred to as negative 
training. Subtle errors can though require thorough real world evaluation 
to be found. The minimisation of side-effects and careful analysis of the 
required level of duplication are therefore integral parts of simulator de-
sign. 

Robotic Telepresence 
The telepresence research field is continuously explored as technical ad-
vances constantly offer new possibilities and improvements. Telepresence is 
utilised as a mean to have the perception of being located at another place 
than the physical, and with the ability to interact with the environment in 
some way. Examples can be the control of a remote robotic arm, or other 
heavy machinery, equipped with cameras and sensors, while the control 
and information display systems are located at a physically remote loca-
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tion. The purpose is to be able to use human operators at a safe distance 
from the equipment or the environment it is within. This is for example 
common in the mining industry and within areas such as unmanned aerial 
vehicles, search and rescue, bomb inspecting and disarming and space ex-
ploration. The level of autonomous behaviour, the control logic and inter-
face towards the robotic machinery are also dependent on the application 
and its complexity. When designing the interface, one important aspect to 
consider is the situation awareness required by the operator, as this affects 
most of the technical requirements. Another aspect is the control interface 
and if haptic feedback is beneficial to the work task [Glover et al., 2009; 
Seo et al., 2003; Stone, 2000;]. 
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Method 
This chapter presents the employed method towards the goal of an in-
creased level of convergence of the real and virtual world. 

 
The project’s starting point is the work conducted by Micheletti and 
Wurpts [Micheletti and Wurpts, 2000] where chroma keying and video 
see-through HMDs where employed to construct an immersive environ-
ment. The goal is to identify crucial points of interest and improvement, 
aiming towards the maximization of the relevant aspects of human physi-
ology. Identified needs are compared to existing state of the art whereas 
theoretical improvements and new ideas are followed by experimental 
work. Where possible the developed demonstration solutions and proto-
types should have the ability of being commercializable. The cost of the 
experimental work is a significant factor due to the fact that the hardware 
and software must be duplicated in order to facilitate many simultaneous 
trainees, in times where economic resources spent on training are reduced. 
The simulator hardware and software is expected to iterate as new findings 
are made.  
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Results and Discussion 
In this chapter the results and implementations are presented together with 
a discussion of the motivations and impacts towards the project goals. 

Mixing Realities 
The initial choice is between HMD or projection based display systems. 
For this project, HMDs are the only realistic choice due to several require-
ments. One requirement is that the system shall be able to support several 
users within a common environment, for example a tank mock-up in a 
relatively large room. Here they would be able to train how to exit the 
tank and secure the immediate surroundings. As the users stray away from 
the tank within the simulated environment, each user would enter a simu-
lator of the type presented in this thesis, directly connected with the larger 
room. Here indefinite movement within the virtual world would be possi-
ble. The drawback with a projection based display solution is that the vir-
tual world would only be rendered based on one viewpoint, incapacitating 
a multiuser setup. Furthermore, the projection surface would be physically 
static while the user would not, which would cause a dynamic focus dis-
tance that can be disturbing unless the walls are placed at a distance out-
side the training surface. Also, it can be hard for the brain to merge stereo-
scopic images of objects that are in front of the projection surface, which 
could be the case here. In contrast, a HMD has static focus distance and is 
able to visualise objects close to the eyes. 

Chroma keying allows the mix of virtual and real images. Through the 
use of a known background colour that is present in the real images, pixels 
with that colour are made transparent when the image is interacted with 
virtual imagery. In the combination with a HMD and camera, video see-
through augmented reality is achieved. The eyes receive their input from 
the camera images, visualised on the display. When the system is used in a 
coherently coloured environment, only the user’s own body is visible, to-
gether with tools, equipment, other users etc., that are physically present 
within the environment. Micheletti and Wurpts used hardware-based 
chroma keying, which blends two inputs into one output. One input is the 
rendering output of the computer that runs the virtual scenario. The sec-
ond input is from an analogue camera. This setup is also used in the first 
embryo of the simulator in question, as a first feasibility test. The principle 
is deemed suitable for the current need, although significant improvements 
are required. Hardware-based FPGA chroma keying is expensive and is 
unsuitable for worn applications due to high power consumption. Another 
limitation is that the blending is only performed in one stage, which means 
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that no additional virtual objects can be added to the composed image. 
Furthermore, the camera is connected directly to the hardware, which 
complicates computer-based image analysis and lens distortion correction 
of the camera images. In the second iteration of the simulator, a software 
based approach is therefore deemed required, which can run in parallel on 
the same computer as the simulation software. To enable the same general-
ity as a hardware solution and prevent the need for alterations in simula-
tion softwares, the chroma keying software implicitly needs to intercept 
renditions from the simulation software. This is achieved by using a proxy 
DLL, either opengl.dll, if the simulation software uses OpenGL or d3d9.dll 
for Direct3D9. When loaded, calls to all functions are forwarded to the 
original DLL, with the exception of the call to swap front and back buff-
ers, i.e. when an image is finalised and ready to be presented on the dis-
play. When this call has been intercepted, data from an external chroma 
keying process is accessed. The data contains one or two chroma keyed 
images depending on if stereoscopy is used. The chroma keying is achieved 
by looping through all pixels in a camera image, and applying an alpha 
value to each individual pixel, depending on its three colour components’ 
values. Best result has been achieved with an algorithm that determines if 
the pixel in question consists of a blue channel that has a value that is lar-
ger than the red and green channel respectively, i.e. the blue channel is 
dominant. To be made transparent, the difference must be greater or equal 
to a user-adjustable variable. Figure 1 illustrates the three dimensional 
RGB space with 256 values each. All pixels above the dark area have a 
dominant blue channel while all pixels above the lighter area are made 
transparent. The distance between the two is the variable, which the user 
can adjust for optimum result. A good result can also be found automati-
cally by letting the camera view the blue background and iterate to a suit-
able value. 

An alternative way to gain access to the rendered image is to use a 
minimal modification of the game. Modification frameworks are in some 
cases made available from the developers. This is the case with for example 
the game Crysis (CryEngine2), which is based on Direct3D10. The modifi-
cation enables the image to be transferred to an external software program, 
where it is augmented and displayed. 
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Fig. 1 The figure shows the three dimensional RGB colour space with the borders 
to dominant blue pixels and chroma keyed pixels respectively. 

The alpha channel is used by the render hardware to alter the opacity of 
each pixel when the image is rendered upon the simulation software image. 
This solution enables augmentation without imposing image capture and 
analysis on the simulation software. The result is shown in Fig. 2, Fig. 3 
and Fig. 4. Furthermore, the versatility of the approach is shown by the 
fact that camera images are available for additional analysis and alteration, 
for example change the colour components to emulate night vision or cam-
era lens distortion correction through image warping. Additional real and 
virtual objects, such as moving maps and crosshairs, can be added to the 
scene. In the case of a virtual scope, mounted on a real weapon, the simula-
tion software needs to render it as a separate view with its own position, 
direction and virtual lens properties. To display it through the chroma 
keyed image, the real weapon has a physical mock-up of the scope in the 
same colour as the chroma keying colour to make it transparent, thereby 
showing the virtual scope in the augmented result.  
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Fig. 2 Chroma keying with Direct3D and CryEngine2. 

 

Fig. 3 Chroma keying with Direct3D and Source engine. 
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Fig. 4 Chroma keying with OpenGL and ID Tech 4 engine. 

The composed image is displayed to the user through a commercially 
available, relatively inexpensive, HMD with a diagonal field of view of 40 
degrees. The HMD has a custom-made holder for two web cameras 
mounted stereoscopically. The web camera lenses are chosen to match this 
field of view as closely as possible, to utilise the camera resolution and 
maintain the eyes’ normal perspective. Residual discrepancies are elimi-
nated through the alteration of the size of the rendered overlay image. 

The simulator environment is required to present a uniform background, 
as seen through the digital camera eyes of the user. Blue colour was chosen 
as the chroma keying colour due to the fact that it is seldom part of a mili-
tary user’s normal clothing or tool colours. A cylindrically shaped room 
provides smoothly lit walls and a diameter of three meters is sufficient in 
size for a user in prone position with a weapon, and allows several simula-
tors with a relatively small combined footprint. 

To facilitate coordinated real and virtual worlds, the tracking system 
must be able to register both spatial position and rotation of objects such 
as the user’s head and weapon. Initially, a low cost system is developed for 
demonstration purposes. It consists of four roof-mounted web cameras, 
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markers mounted on the user’s head and on the weapon, and the open 
source tracking software ARToolKit. The camera images are analysed for 
the markers and the result is offset by the respective camera position and 
send wirelessly to a worn computer on the user’s back where the simula-
tion and chroma keying softwares run. 

To avoid the use of joystick or other unnatural forms of control devices 
for translation in the virtual world outside a radius of the physical cylinder, 
the interface is based on the user’s radial distance from the centre of the 
room. Velocity and direction for the virtual translation is defined by a vec-
tor between the cylinder’s origo and the current user position, with a 
minimum vector length required to enable movement. This direction and 
velocity is added to an offset to represent the physical position of the cylin-
drical room within the virtual world. The absolute position gained from 
the tracking system is then added to the virtual cylinder position to allow 
absolute movement in order to keep the worlds coordinated. This interface 
enables natural movement within a small physical environment. The delib-
erate exclusion of rotational tracking data for the offset vector enables the 
user to rotate the virtual eye-point whilst the translation direction is main-
tained, which allows natural sidestepping and backing; a change of transla-
tion direction or velocity requires a physical movement relative origo. An 
illustration of the scheme is displayed in Fig. 5 and Fig. 6. 
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 Fig. 5 Illustration of the movement scheme within the cylindrical simulator room. 
The arrows indicate direction of translation while the colour-gradient represents 

velocity. 

  

Fig. 6 Illustration of the translational offset within the virtual world. 
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Untethered use of the simulator is integral as tethers inhibit natural 
movement. The simulation and chroma keying software run on a high-end 
laptop worn on the user’s back. Although this means several kilograms of 
weight, the system weighs significantly less than a soldier’s normal equip-
ment. 

The primarily used virtual environment is made with the simulation en-
gine Delta3D. A small military operations on urban terrain (MOUT) sce-
nario is created with enemies placed throughout. The first iteration of the 
simulator is then fully functional, as shown in Fig. 7. and tests are per-
formed on its viability and user-friendliness. The main areas of improve-
ment at this stage lies in the small field of view of the helmet together with 
the power requirement of the worn computer, its generated heat, relatively 
limited computing power and the user’s fear of damaging expensive 
equipment. The latter limits the amount of movements and the movements’ 
speed. 

 Fig. 7 Resulting view of the augmented virtuality environment. 
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Required Improvements 
Wireless image transfers enables limitations in computing power, and 
thereto power requirement, weight and perceived fragility, to be overcome 
with the use of a powerful external stationary computer. Low-cost wireless 
hardware is now available, capable of transmitting high resolution images 
with latency below perceivable levels, in this case employing the ultra-
wideband radio technology. Camera images are transmitted by an ana-
logue transmitter and captured by the computer. Chroma keying is then 
performed and the composed image is transmitted back to the user. This 
significantly reduces the bulk of the worn hardware and increases the us-
ability of the simulator. 

The use of a HMD with a small field of view will cause excessive head 
movements due to the user’s mobility and due to the fact that attention is 
required in all directions, both for situation awareness and for physiologi-
cal aspects, such as balance. Also, the parallax error generated from the 
positional mismatch between the eyes and the cameras constitutes a prob-
lem due to the exclusive presence of near objects such as hands or a 
weapon’s scope. The system should mimic reality as close as possible to 
reduce both the user’s adaptation time and the risk of negative training. 
Tests performed with the HMD showed that head movements where re-
duced when a larger virtual field of view where rendered than the physical 
field of view of the HMD. This, though, introduces additional risk of nega-
tive training and causes additional adaptation time for the vestibular sys-
tem. The best solution is instead a HMD with a physically larger field of 
view. A commercial HMD with a large field of view is prohibitively expen-
sive for this project, where low cost is a goal to enable a wide user-base. A 
custom-made HMD with integrated parallax correction is therefore devel-
oped. The HMD is based on an integral helmet for stability, often lacked 
even in expensive commercial HMDs, and a normal LCD screen is utilised 
as display element. The large active display surface enables placement at a 
greater distance from the eyes whilst still a large field of view is achievable, 
in turn enabling the use of optics with larger focal length, i.e. lower power. 
The optics therefore consists only of a single lightweight plastic Fresnel 
lens, further explained by Davis and Kühnlenz [Davis and Kühnlenz, 
2007], which both eyes look through. Behind the LCD is a mirror that 
reflects the incoming light down to the cameras, mounted at a downward 
angle at the same distance from the mirror as the user’s eyes. This allows 
the light within the HMD’s field of view to travel the same distance to the 
cameras as it would to the eyes, thereby minimising the parallax error. 
Stereoscopic images from the cameras and the virtual world is displayed 
through colour coded stereoscopy, i.e. glasses with colour filters are used 
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to divert the correct channel to each eye. Although a relatively low and 
balanced weight is achieved due to the integral helmet, the HMD’s differ-
ent elements are mainly placed on its frontal part. Therefore, use of tools 
that require close proximity to the eyes is not recommended. For example, 
a pistol is a better choice than a rifle in this case. It is though, shown that a 
HMD that features large field of view and parallax free video see-through, 
as seen in Fig. 8, can be build at a low cost. 

Fig. 8 Parallax-free stereoscopic video see-through head mounted display. 

For some applications, the parallax in video see-through HMDs can be 
less crucial. A version with a smaller LCD and a single camera is therefore 
built, to evaluate the possibility of software based parallax reduction. Here 
the camera is simply placed on the back of the LCD, therefore limiting the 
parallax to depth offset. Since the camera is placed closer to objects than 
the eyes, objects are bigger in the camera images at this distance than if the 
camera where situated at the eye-point. By reducing the presented size of 
the camera image, objects are perceived smaller and appear more natural. 
Due to the depth offset and objects in close vicinity, a camera lens with 
high field of view is required to maximize the use of the large field of view 
of the HMD. Significant barrel distortion is therefore introduced in the 
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camera images which causes both size and positional discrepancies in dis-
played objects. Since the chroma keying blend is performed in real-time on 
the graphics card, the barrel distortion is in the same step virtually elimi-
nated by reshaping the image through the alteration of the render surface 
and texture mapping points. Figure 9 shows the resulting body mounted 
hardware. The tracking markers as well as image receiver are seen on the 
HMD. The battery, display control board as well as camera image 
transmitter are on the vest. 

Fig. 9 Body mounted hardware. 

The imposed restrictions caused by the somewhat bulky custom HMDs 
leaves room for further research. A HMD is required that physically re-
sembles spectacles that are normally worn by users, such as sun or protec-
tive glasses. A small size can for example enable natural aiming of a rifle. A 
solution that incorporates micro displays can be costly and, paired with the 
required advanced high field of view optical solution, can be difficult to fit 
within this minimal space. A contact lens directly on the eye is therefore 
used to reduce the physical size of the visual solution. The close mounting 
of the lens enables a small focal length, which in turn enables close mount-
ing of the display element. Small inexpensive LCD screens are mounted 
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inside a pair of protective goggles and are fully visible with the worn con-
tact lenses. The size of the displays is determined by the desired field of 
view and the focal length of the lenses. A small focal length and too large 
display can limit the ability to focus on the peripheral parts of the field of 
view due to a long radial distance to the planar display element’s edges. A 
focal length of 16.67mm, or +60 dioptres, is used as this is currently the 
maximum optical power achievable with the supplier’s contact lens manu-
facturing method. A smaller focal length would be unsuitable as it means 
closer mounting of the displays, which would interfere with the user’s eye-
lashes. Although this solution requires users to wear contact lenses, it 
proves to be a viable alternative for HMD applications with critical physi-
cal requirements to facilitate use of certain tools. 

Seeing Others 
An identified problem with multiuser facilities, i.e. facilities with several 
mixed reality simulators, is that in some applications a virtual representa-
tion of the other users is not accurately and adequately conveying crucial 
human body language such as hand signs and facial expressions. Commer-
cial, markerless, combined tracking and texture mapping solutions are 
prohibitively expensive, especially as multiple sets are required. One main 
problem with the markerless registration techniques is also that it requires 
full view of the user from all angles in order to accurately compose a full 
representation. This can be difficult to achieve in the case where the walls 
need to be mounted fairly close to the user. 

The proposed solution is instead based on ordinary analogue cameras 
mounted in columns of three around the perimeter of the simulator room. 
The small radius of the room requires three cameras in each column to 
avoid parallax and distortion that would be caused by a single camera. A 
camera column is selected based on the relative viewing angle towards the 
user from the viewer’s virtual position. With the use of the tracking system, 
images from the selected column are stitched together at the correct inter-
section point, depending on the distance of the user from the camera col-
umn. This is to minimise redundant information in the composed image 
and to create a coherent result. The stitched image is thereafter chroma 
keyed and uploaded into the simulation software of the viewer. The image 
is then rendered at the user’s virtual position at the correct angle, thereby 
presenting a real, although flat, version of the user within the virtual 
world. This solution provides an inexpensive mean to convey body lan-
guage, crucial for some training scenarios. 
  



42 I DANIEL JOHANSSON  Convergence in Mixed Reality-Virtuality Environments 
 

inside a pair of protective goggles and are fully visible with the worn con-
tact lenses. The size of the displays is determined by the desired field of 
view and the focal length of the lenses. A small focal length and too large 
display can limit the ability to focus on the peripheral parts of the field of 
view due to a long radial distance to the planar display element’s edges. A 
focal length of 16.67mm, or +60 dioptres, is used as this is currently the 
maximum optical power achievable with the supplier’s contact lens manu-
facturing method. A smaller focal length would be unsuitable as it means 
closer mounting of the displays, which would interfere with the user’s eye-
lashes. Although this solution requires users to wear contact lenses, it 
proves to be a viable alternative for HMD applications with critical physi-
cal requirements to facilitate use of certain tools. 

Seeing Others 
An identified problem with multiuser facilities, i.e. facilities with several 
mixed reality simulators, is that in some applications a virtual representa-
tion of the other users is not accurately and adequately conveying crucial 
human body language such as hand signs and facial expressions. Commer-
cial, markerless, combined tracking and texture mapping solutions are 
prohibitively expensive, especially as multiple sets are required. One main 
problem with the markerless registration techniques is also that it requires 
full view of the user from all angles in order to accurately compose a full 
representation. This can be difficult to achieve in the case where the walls 
need to be mounted fairly close to the user. 

The proposed solution is instead based on ordinary analogue cameras 
mounted in columns of three around the perimeter of the simulator room. 
The small radius of the room requires three cameras in each column to 
avoid parallax and distortion that would be caused by a single camera. A 
camera column is selected based on the relative viewing angle towards the 
user from the viewer’s virtual position. With the use of the tracking system, 
images from the selected column are stitched together at the correct inter-
section point, depending on the distance of the user from the camera col-
umn. This is to minimise redundant information in the composed image 
and to create a coherent result. The stitched image is thereafter chroma 
keyed and uploaded into the simulation software of the viewer. The image 
is then rendered at the user’s virtual position at the correct angle, thereby 
presenting a real, although flat, version of the user within the virtual 
world. This solution provides an inexpensive mean to convey body lan-
guage, crucial for some training scenarios. 
  

 DANIEL JOHANSSON Convergence in Mixed Reality-Virtuality Environments I 43 
 

Walking Naturally 
One severely limiting factor for non-stationary simulation training is the 
disability of walking freely indefinitely. No actively powered commercially 
available solution exists and current prototypes are unavailable and consist 
of complex and expensive mechanics. The common denominators for the 
majority of the existing principles are that they mechanically can in some 
way facilitate walking in any direction and at the same time displace a user 
towards the floor’s centre in order to increase the margin for changes in 
walking velocity or direction. The bottom up approach is to develop me-
chanics that support movement in two dimensions simultaneously. Such 
mechanics can, as mentioned, naturally be very complicated and expensive. 
Instead, to reduce complexity and cost, another approach has been used 
within this project, namely the top down approach. Rather than consider-
ing the two-dimensional problem directly, the issue is viewed upon from an 
angle of effect, i.e. the effect the floor has on the user that walks on it. The 
main requirement of the floor is still to provide the ability to facilitate 
walking in any direction whilst moving the walker back towards the cen-
tre. This can be achieved without the use of explicit two-dimensional me-
chanics if the floor is designed to provide movement in all directions relat-
ing to the floor centre. A user that walks on one such floor with a steady 
walking direction will walk on a radian that is parallel to the walking di-
rection. A change in walking direction will cause a physical change of the 
user’s position on the floor to the currently matching radian. Ideally, the 
floor is built as circular to avoid large directional differences in floor 
movement as a user walks upon it. Several experiments, though, found no 
suitable answer to the required flexible but rotationally rigid mechanical 
solution. The developed implementation of the floor instead simplifies the 
ideal circular solution through a 16-sided polygon of triangular treadmills, 
thereby creating an omnidirectional walking surface. Connected and driven 
by a single motor, all sections have a common velocity towards the centre. 
The feature that the floor is actively powered by a motor means that its 
movement will only be a function of the user’s behaviour and not depend-
ent on the physical weight of her or him to induce the movement itself. 
This eliminates latency in movements that are due to for example momen-
tum when changing walking direction, accelerating or decelerating. The 
resulting mechanical solution is shown in Fig. 10. 
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Fig. 10 Omnidirectional floor. 

A tracking system is employed to register the position and angular direc-
tion of the user that walks on the floor. To regulate the velocity of a true 
two-dimensional floor, algorithms need to be complex due to the fact that 
there are multiple velocities as output. Algorithms have to take into ac-
count the mechanical and electrical construction of the floor as well as the 
motoric and vestibular systems of the human user in order to emulate a 
true walking surface as close as possible, and minimise unnatural behav-
iour [De Luca et al., 2009]. Usable inputs to an algorithm are the position 
of the user or parts of the user, the derivative of the positions, i.e. dis-
placement vectors, integration of the positions, i.e. residual regulation er-
rors, user distance to the floor centre, height of the user, i.e. stand, crouch 
or prone position, user rotational bearings and derivatives of these, etc. 
Furthermore, the algorithm depends on factors such as the user’s experi-
ence with the floor, i.e. adaptation time, which gives the floor’s maximum 
allowed velocity. The regulatory output shall, through the electrical hard-
ware, control the mechanical construction in a way so the user is allowed 
natural walking in any direction whilst being transported back towards the 
floor centre. Ideally, the latter can be conducted with low acceleration 
levels to stay below the human sensory threshold in order to be unnoticed 
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Fig. 10 Omnidirectional floor. 
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by the user. This is difficult in practice since the acceleration levels are 
dependent on the physical size of the floor and the maximum allowed user 
velocity. Therefore, the resulting floor movement is a compromise between 
technology and biology. In this case with the developed floor that consists 
of triangular treadmills, the regulatory problem is less complex, as part of 
the desired regulation is built into the mechanical solution itself. A single 
output controls the velocity of the floor towards the centre, which means 
that the user can walk in any direction and still be transported back to-
wards the central part. The simplest regulation control consists of a veloc-
ity that linearly depends on the radial distance of the user from the centre. 
The closer to the floor’s outer edge the user is situated, the higher is the 
resulting velocity. Adding to this basic regulator, derivatives and height 
limits can halt the floor as the user stops or crouches, if this behaviour is 
beneficial to the application. Integrating components can be added to, for 
example, increase the maximum floor velocity over time if the user has a 
prolonged high radial distance. The technical and biological compromise is 
also largely made in the mechanical construction itself. The use of a po-
lygonal surface means that there is a 22.5 degree difference between the 
sections. This difference has to be learnt and adapted to by the user in or-
der to achieve a natural interaction with the virtual environment. The re-
sulting regulation algorithm is therefore both a part of an electrically con-
trolled loop, with a human-in-the-loop, as well as a biological adaptation 
in the user’s balance system. Within a relatively short time, the adaptation 
can become unconscious, which means it will take less experienced effort 
from the user to walk naturally and full focus can be devoted to the train-
ing scenario. 

The connection to the simulated environment is made in the same man-
ner as with the previously described interface scheme. The addition is that 
as the length of the virtual environment displacement offset vector in-
creases with the radial distance from the floor origo, the floor velocity is 
correlated accordingly. Interaction with commercial games has also been 
developed where the translational and rotational movements are mapped 
to the analogue inputs of an emulated joystick. Hence, virtually all first 
person shooting games can be used in combination with the omnidirec-
tional floor. 

Walking naturally within a virtual environment takes away difficulties 
with other forms of movement emulation that requires adaptation and can 
take concentration resources away from the actual training goals. Fidelity 
is thereby increased with the possibility of increases in presence and train-
ing effect and transfer. Quantifying these, though, requires time and re-
sources which are out of scope for this project. Nevertheless, the omnidi-



46 I DANIEL JOHANSSON  Convergence in Mixed Reality-Virtuality Environments 
 

rectional floor enables physical activity, stamina and psychological factors 
due to fatigue to be part of virtual training simulation, with the subsequent 
training and evaluation possibilities. 

Feeling Virtual Entities 
This project focuses on a mobile user that is able to walk freely on the 
omnidirectional floor, in applications and scenarios built accordingly. It 
can be argued that a soldier, policeman or fire-fighter primarily will benefit 
from the ability to emulate virtual obstacles, such as walls, pathways, trees, 
fences, slopes and other terrain features. It would also be preferred if no 
additional body-worn hardware is required for such feedback. The dynam-
ics of an omnidirectional floor, with surrounding walls can be used in syn-
ergy in exactly this purpose. By simply adjusting the velocity of the omnidi-
rectional floor, a novel and simple mean to produce haptic feedback is 
achieved by using the real walls to emulate virtual entities. The fact that a 
real wall is used to emulate, for example, a virtual wall can potentially 
produce an effective result. The emulation is conducted by an additional 
connection between the floor regulator and the virtual environment soft-
ware. The data exchanged is, in addition to the positional, rotational and 
floor vector input to the virtual environment, an output to the regulator 
containing the current distance to a virtual obstacle in the current dis-
placement direction. As this value approaches the same distance as the 
distance between the user and the real wall, the floor velocity is ramped 
down. Ultimately the floor will stop when the real and virtual distances are 
equal. As the user continues to walk he or she will walk into the real and 
virtual wall simultaneously, thereby receiving a very realistic sense of touch 
of the virtual wall. The resulting floor velocity control regulator is shown 
in Fig. 11. 

Fig. 11 Floor regulator outlay. 
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The scheme also prevents the user from walking through virtual objects. 
Training can thereby be enhanced, as walls can be, for example, cover, 
support, as well as disturbing obstacles. Furthermore, depending on the 
shape of the real wall, the virtual and real objects can be at different an-
gles, although the haptic effect will still be more pronounced than achiev-
able with for example vibro-tactile devices. It would also not be entirely 
unfeasible to achieve real walls that can somewhat alter their shape, posi-
tion and rotation to more closely mimic a virtual entity. In a dynamically 
changing physical environment, mixed reality trumps projection based 
display solutions by allowing walls to be altered while retaining visual 
acuity, provided only that the wall’s colour is unchanged. 

Alternative Applications 
To visualise alternative applications of the simulator, a wireless robotic 
platform is developed. The platform is designed to match the simulator 
user’s movements, in terms of velocity, heading and rotation. Robotic arms 
can match the arm and hand movements and vibrotactile feedback is given 
to the user from force sensors on the grippers. A camera is situated on a 
pan and tilt platform and the images are relayed to the desktop computer. 
The images are used as background in the composed image and overlaid by 
chroma keyed images from the video see-through camera. The images are 
accompanied by binaural sound created by dual microphones and a head 
mock-up. The result is a robot that is able to facilitate realistic and natural 
telepresence with the use of relatively inexpensive components. For exam-
ple, work in hazardous environments could be a suitable application where 
natural interaction and feel for the surrounding is beneficial. A user view is 
shown in Fig. 12. 

The work has highlighted that realistic user interfaces can be beneficial 
in several fields, where a physiologically natural support for the user’s in-
teraction can contribute to the application’s goals in terms of increased 
situation awareness, faster comprehension and straightforward manipula-
tion ability. 
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Fig. 12 A user’s view in the robotic telepresence application. 
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Conclusions 
This chapter concludes the project’s findings and presents their relevance 
against the research objectives and research questions. 

 
It has been demonstrated how a training facility with support for natural 
interaction can be constructed with the use of mixed reality, custom-made 
HMDs and an omnidirectional moving floor to a relatively low cost. Even 
though the developed HMD experimental prototypes are not claimed to be 
perfected and are not commercialized at this point, the main goal of the 
project is fulfilled. Mixed reality provides one out of several means to visu-
ally converge real and virtual worlds, although with the benefits of sup-
porting layering without additional display hardware and facilitating dy-
namic physical environments. 

The omnidirectional floor with the support for realistic haptic feedback 
is the major novelty that has sprung from the project. It fulfils one impor-
tant need that has been identified during the project’s progress, namely the 
need to facilitate walking in any direction in the real world as a mean to 
traverse in the virtual world. Research question one relates to the capabili-
ties that are important for a certain task. The task in question is here any 
task that requires mobility and situation awareness, where presence could 
potentially be increased by using technology that displays a close match to 
human physiology, which would be an answer also to research question 
six. The requirements that have been identified as crucial for mobile appli-
cations are high field of view, usage of physical tools, unrestricted walking, 
haptic feedback and retained capabilities through unobtrusive hardware. 
One motivation for a high field of view is the unnatural and excessive head 
movements that are caused when the field of view is too small in combina-
tion with a mobile application with relevant visual information in all direc-
tions. A closer match to normal ocular performance, which has been util-
ised during a user’s lifetime, can enable more natural behaviour and less 
adverse side-effects when used in this type of simulator. When it comes to 
performing tasks within the virtual environment, the training could be 
performed more effectively if a user is able to see the own body and be able 
to utilise physical tools, whether authentic or replicas. This would be in 
contrast to virtual representations of the same, which would require higher 
demands on tracking ability, for example virtual reality gloves, and in 
some cases requires tool replicas for correct operation, nevertheless. For 
mobile training, one fundamental need is the ability to walk freely instead 
of using different variations of joysticks. The natural interface can increase 
the feeling of presence while physiological and psychological aspects can be 
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introduced in the training and its evaluation. The novel possibility of hap-
tic feedback with the use of the floor can enable the virtual world to be 
interpreted as a more genuine environment. Feedback through the sense of 
touch can contribute to more natural transitions within the virtual envi-
ronment which potentially can lead to increased effect of training. Unob-
trusive hardware and high overall simulator usability lead to a greater 
sense of freedom which in turn can lead to more natural behaviour, such as 
a normal movement velocity. Heavy and bulky hardware can cause move-
ments to be slower than normal due to both high momentum to overcome 
and the fear of damaging the equipment. 

Research question two addresses how technology can be designed to fa-
cilitate the needs of question one in terms of sensory stimulation. A high 
field of view can be achieved by projection based display solutions and 
HMDs where in this case HMDs are selected as previously mentioned. The 
commercially available HMDs today with a high field of view are prohibi-
tively expensive, at least for some users. They also tend to be heavy and 
bulky. This makes them unnatural to wear both physiologically and psy-
chologically. Therefore custom HMDs have been developed that addresses 
both cost and weight issues. It has been shown that an inexpensive HMD 
with high field of view can be constructed with virtually parallax free video 
see-through. It has also been shown that a solution exists to build a high 
field of view HMD that has virtually the same size and weight as a pair of 
normal protective spectacles. To further enable unobtrusive hardware, 
wireless technology has been employed against the user. Furthermore, in 
some applications, sound is extremely important for situation awareness, 
and therefore binaural sound has been investigated for real situations, 
where full control, as in the case of a virtual sound source, is not available. 

Human output in research question three relates to how normal behav-
iour can be supported within the simulator. In this case walking is an im-
portant output, where the first solution was to create a form of joystick 
emulation that requires physical movement of the user. This was then built 
upon to create an omnidirectional actively powered floor, to extend the 
walking ability indefinitely. The facilitation of tools is made with the use of 
a wireless tracking system in combination with adaptation of the tools to 
connect to the virtual environment, or robotic platform. 

Research question four addresses the fidelity of the required technology, 
and the answer is multifaceted. From a physiological perspective, the natu-
ral interface that has been developed provides high interaction fidelity, but 
also requires high fidelity from other hardware as well as software in terms 
of related areas such as field of view, weight and real-time performance. 
From the technical viewpoint, the hardware in itself does not necessarily 
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require a high fidelity. The resolution of the HMD’s display element is one 
painting example. Technically the display requirements depend on specifi-
cations of what the application scenario will contain, at what velocity and 
at what virtual range from the user. This is to ensure that the virtual ob-
jects are visible and that the user’s virtual vision is not impaired. From the 
physiological perspective on the other hand, the resolution is required to be 
able to properly support the vestibular system and a high update rate is 
required to maintain a sharp image in the often fast movements made by 
the user. A low resolution can also be tiresome to watch for prolonged 
periods of time, potentially with the effect of decreased attention on the 
training task. For physiological and therefore also psychological reasons, 
the fidelity in commercialised hardware and software that is used in this 
simulator is required to be as high as possible, as the simulator with its 
interface has extreme demands on the technology. 

Side-effects of sensory manipulation, addressed by research question 
five, can consist of several symptoms such as headache, nausea, disorienta-
tion and oculomotor mismatches, all dependent in severity on the individ-
ual user. As the simulator enables a mobile user with more senses and ca-
pabilities activated relative a desktop or cockpit simulator, the limitation of 
side-effects is dependent on the fidelity of each individual simulator com-
ponent as well as their combined performance. For example, a low update 
rate on the HMD’s display can be more disturbing when the user is forced 
to a high amount of movement, compared to in a cockpit where the user is 
stationary with limited head movements. The requirements on the tracking 
system and simulation computing power in terms of update rate, accuracy 
and latency are higher with this simulator due to the amplification of their 
importance compared to more stationary applications. 

Another answer to research question six is where increased situation 
awareness of a remote location can be beneficial in combination with natu-
ral manipulation capabilities. For this purpose the omnidirectional robotic 
platform is designed. 
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Outlook 
This chapter outlines the project’s possibilities and future research areas. 

 
The project was set out to explore the current state of technology and what 
was missing on the way towards physiological compliance with the human 
biology, with the crucial requirement of cost effectiveness. One of the re-
sulted solutions is the novel design of the omnidirectional floor. The fur-
ther research enabled by this floor is fundamental as it is the first actively 
driven technology that is commercially available for a realistic cost. Re-
search can be conducted within any field where movement outside physical 
boundaries can contribute to the effectiveness of the application. 

Regulation of the floor is one other field of research. The most versatile 
regulation principle that has been employed is to directly link the velocity 
to the radial distance to the floor, together with safety conditions. This 
regulation ensures stable operation and facilitates indefinite movement in 
both stand and crouch positions. Future research could though investigate 
other algorithms, to enable more natural inter-floor transitions. The regu-
lation does not necessarily need to depend on the floor origo, which at the 
moment can cause sideways movement if the user’s walking direction 
changes by a large amount. Algorithms that take into account acceleration 
levels would be closer to the human’s own balance regulation system, al-
though it is still unclear if the systems in this case will balance or repel each 
other in terms of stability. 

As micro display technology improves, more and more HMDs become 
available with relatively large field of views, as the resolution per degree 
can be maintained. The main problem still persists though, the high cost of 
a multiuser facility. The HMDs also still have large physical sizes and high 
weights. For some applications the developed principles could be commer-
cially viable, although with account taken into novel display technology, 
such as OLED. In the HMDs with Fresnel lenses, the displays can physi-
cally be mounted closer to the centre of gravity with the use of lightweight 
mirrors, which would be beneficial to the comfort. 

Even though the focus of the work has been the fidelity in the simulator 
interface with the aim of potential training effect increases, thorough 
evaluation of the effectiveness compared to for example desktop setups 
requires more time and resources than currently available. It will, though, 
be a field for interesting future research. 

As the simulator, through the omnidirectional floor, can offer unlimited 
walking, the introduction of additional senses into the simulation can be 
relatively straightforward. The simulator is designed for a single user that, 
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together with the finite training surface, enables the use of emulation 
hardware to create an even more converged environment based on the 
virtual environment’s content. Emulation hardware can be used to intro-
duce olfaction, heat radiation, hot and cold temperatures, wind, smoke, 
etc. It can be possible that the introduction of such emulations would be 
synergistic and more effective in a simulator that overall facilitates a natu-
ral interface, compared to if they were used in for example a desktop setup. 

To emulate virtual dynamics the floor can be placed on a moving plat-
form, for example with two-axis rotation. This would enable floor inclina-
tions in order to emulate hills, with accompanying physical fatigue. A more 
advanced platform would enable dynamic surfaces such as ship decks. The 
usability can though be discussed as such dynamic surfaces can also be 
emulated through the ocular-vestibular connection if a moving virtual envi-
ronment is visualised and no external references are available. 
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Author Contribution 
This short chapter presents the author’s contribution in the work and writ-
ing of the appended papers. 
 
Present author planned all papers with exception of paper one and five 
where planning was made jointly. All scientific theoretical and experimen-
tal work was conducted by the author. The author wrote all papers. 
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Scientific Contribution 
In this chapter the project’s scientific contributions are outlined and 
whether they consist of novel improvements and combinations of known 
technology, or are explicitly novel findings.  
 
The first part of the work applied combined and expanded existing knowl-
edge into a new application and context. Chroma keying is a well known 
technology, although the utilisation and adaptation into this application is 
novel. Furthermore, HMDs have existed for a long time, although the de-
veloped custom solutions are responses to the discovered needs of this ap-
plication. The overall contribution is how to build a low-cost, fully func-
tional training simulator for non-stationary personnel, with natural inter-
faces and the use of augmented virtuality. Applications are, though, not 
limited to training or utilization of a simulated environment. The robotic 
platform is novel in the sense that is exclusively developed to match the 
simulator interface, while supporting several crucial physiological features. 

A major novel contribution is the omnidirectional floor, which not only 
provides a solution to the virtual position displacement problem, but also 
is relatively low cost. The development approach considers the problem in 
a new way to find a solution with simpler mechanical solutions through-
out. Regulation of the floor velocity is in essence simple in its most basic 
shape, which therefore can minimise user adaptation time due to its pre-
dictability. 

The floor enables a novel framework of virtual entity feedback through 
its ability to coincide real walls and virtual objects. Running into a virtual 
wall can cause exactly the same symptoms as running into a real wall. This 
can significantly improve the feeling of presence. 
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Appended Papers 
In this section the appended papers are summarized and their relationships 
to the research questions are given. The papers’ technical advances and 
contributions to knowledge are also stated. 

Paper 1 
Johansson D., de Vin L. J. Design and Development of an Augmented En-
vironment with High User Mobility for Training Purposes, Proceedings of 
Mechatronics, Limerick, Ireland, 2008. 

Summary 
This paper presents a complete initial simulator system where all compo-
nents necessary for its use have been implemented. The focus of the work is 
real-time and untethered use, and low cost. To enable versatile and 
changeable training environments, fast software based chroma keying in 
combination with stereoscopic video see-through augmented virtuality has 
been selected as display system. This provides a simple and cost-effective 
way to deploy the simulator in the field. Furthermore, a registration system 
has been developed with the use of marker based open source algorithms 
and a natural human computer interface is developed to enable virtual 
displacement within an area that is greater than the physical boundaries 
stated by the simulator walls. The simulation engine Delta3D is used to 
create a virtual demonstration scenario, and DLL redirection is used to 
reduce the impact on the simulation scenario application when using 
chroma keying. This means that commercial software can be employed in 
combination with the simulator. 

Relationship to Research Questions 
This work addresses the first three of the research questions: what the sys-
tem’s capabilities should be to provide the desired natural interaction and 
how user input and output can be interfaced through technology. Also 
question six is addressed. 

Contributions to Knowledge and Advances in Technology 
The novelty with the described work is in part the individual technical 
solutions but the largest contribution is the simulator as a complete func-
tioning system that provides an untethered and natural interface for a low 
cost. As a subsystem, a stable but versatile chroma keying algorithm is 
presented that can provide real-time performance in stereo on a laptop. In 
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addition, the user interface enables natural displacement and eliminates the 
need for bulky or ineffective control hardware or joysticks. 
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Paper 2 
Johansson D., de Vin L. J. A Low Cost Video See-Through Head Mounted 
Display for Increased Situation Awareness in an Augmented Environment, 
Proceedings of Intuition, Turin, Italy, 2008. 

Summary 
This work addresses the issue with unnatural vision paired with the utiliza-
tion of video see-through head mounted displays, as well as the high cost 
of off-the-shelf hardware. The need for a high field of view within the vir-
tual scene to enable good situation awareness is identified and analyzed. 
This also means high requirements on the hardware to avoid negative side-
effects. A low-cost custom made HMD solution is developed with a single 
large screen and colour coded stereoscopy. A mirror is used to minimize 
the parallax error between the human eyes and the video cameras. 

Relationship to Research Questions 
The work relates mainly to research questions two, four and five, namely 
how technology can be developed that facilitates the human senses normal 
operation as close as possible with minimal side-effects, but at a low cost. 

Contributions to Knowledge and Advances in Technology 
The contribution of this paper consists in the identification and analysis of 
the human factors requirements on a video see-through HMD for use in 
the developed simulator. A custom made proof of concept design and im-
plementation is also presented. 
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Paper 3 
Johansson D., de Vin L. J. An Augmented Virtuality Simulator with an 
Intuitive Interface: Concept, Design and Implementation, Proceedings of 
Virtual Reality International Conference VRIC, Laval, France, 2009. 

Summary 
This paper presents a new iteration of the simulator system, with a new 
tracking system, a new experimental custom-made monoscopic video see-
through HMD and real versus virtual object layering. The display technol-
ogy enables virtual objects to be overlaid over real objects with correct 
object occlusion simply with the use of coloured paper clips. Furthermore, 
the calculation is moved to an external computer in order to reduce the 
worn weight and power consumption and to increase the available compu-
tation power as well as the ruggedness of the worn system. Images from 
the analogue video see-through camera are warped in real-time to remove 
distortions introduced by a small focal length lens. Additionally, a simple 
form of eye-tracking was developed in order to investigate its feasibility 
and to collect crude eye position data for applications where resolution is 
not critical. Finally, an initial evaluation of the system was conducted. 

Relationship to Research Questions 
The paper relates first to research questions two and four as it is a study in 
how to increase the fidelity of the existing system. Also research question 
five is addressed as an evaluation is conducted on the system. 

Contributions to Knowledge and Advances in Technology 
A novel and complete simulator system is presented with external compu-
tation and wireless transmission to and from the user. This saves weight 
and increases ruggedness and available computing power. Layering of real 
and virtual objects within a fully functioning simulator is also explored. 
Furthermore, a novel HMD is presented as well as real-time camera lens 
distortion removal and eye-tracking. The paper also presents an evaluation 
which indicates low levels of negative side-effects. 
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Contributions to Knowledge and Advances in Technology 
A novel and complete simulator system is presented with external compu-
tation and wireless transmission to and from the user. This saves weight 
and increases ruggedness and available computing power. Layering of real 
and virtual objects within a fully functioning simulator is also explored. 
Furthermore, a novel HMD is presented as well as real-time camera lens 
distortion removal and eye-tracking. The paper also presents an evaluation 
which indicates low levels of negative side-effects. 
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Paper 4 
Johansson D., de Vin L. J. Omnidirectional Robotic Telepresence Through 
Augmented Virtuality for Increased Situation Awareness in Hazardous 
Environments, Proceedings of IEEE International Conference on Systems, 
Man and Cybernetics, San Antonio, USA, 2009. 

Summary 
In this paper a novel robotic platform is presented, which enables the use 
of the simulator as a telepresence interface, to demonstrate that alternative 
applications are possible. The platform requirements are identified and 
addressed in the design. The goal is to achieve a robot design that can 
match the simulator’s natural interface and thereby provide high situation 
awareness for the user through the use of physical movements for control. 
The result is a wireless platform with omnidirectional movement capability 
using a human in the loop regulator, pan/tilt cameras for head movements 
and correlated robotic arms for interaction. Binaural sound enables identi-
fication of sound source position while pressure sensors on the robot arm 
grippers in combination with vibro-tactile hand held devices provide haptic 
feedback. 

Relationship to Research Questions 
This work addresses research questions one to four as well as six, from the 
robotic telepresence perspective. 

Contributions to Knowledge and Advances in Technology 
A contribution from this paper is how a robotic platform, its regulator and 
its subsystems can be designed to allow control by movements, in contrast 
to for example joysticks, and to support natural and multimodal interac-
tion. 
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Paper 5 
Johansson D., de Vin L. J. Towards Convergence in a Virtual Environ-
ment: Omnidirectional Movement, Physical Feedback, Social Interaction 
and Vision, Mechatronic Systems Journal, November Issue, 2011. 

Summary 
The paper presents three critical aspects in the work towards real and vir-
tual convergence within the simulator system. The first aspect is the ability 
to walk and run in any direction, which is provided by an omnidirectional 
floor. The floor design, consisting of 16 triangular treadmills, is low cost 
and simplifies both mechanics and regulation compared with mechanics 
that provide true two-dimensional capability. The work presents theoreti-
cal regulation and simulation data and analyses in order evaluate the floor 
safety within different scenarios. As a consequence of the omnidirectional 
capability, the simulator walls can be used to provide haptic feedback of 
virtual walls. The second aspect is the ability for users to communicate 
high resolution body language, which are currently difficult or prohibi-
tively expensive with available tracking systems. This system instead uses 
camera multiplexing and real-time stitching to enable representation of the 
users within the virtual scene. The third aspect is vision, where the focus 
here is laid upon two important requirements for this type of simulator: 
high field of view and minimal size and weight. A HMD prototype is pre-
sented that uses contact lenses instead of conventional optics, in combina-
tion with small LCD screens mounted close to the eyes. The HMD’s feasi-
bility is then analyzed. 

Relationship to Research Questions 
This journal paper addresses all of the research questions as it focuses on 
the convergence of the real and virtual scene, both regarding technical solu-
tions and the feasibility of human compliance with it. 

Contributions to Knowledge and Advances in Technology 
Four novel aspects are presented within this paper. First and foremost is a 
solution to the complicated problem of unrestricted walking within a small 
real world space. Thereto a mean to provide haptic feedback of virtual 
walls and obstacles are given. Furthermore, a concept is presented that 
enables body language communication among several simulators and users, 
which is a critical issue for scenarios that involve cooperation. Last, for 
some applications, the contact lens HMD experiment is shown to be a 
feasible and inexpensive way towards a light and small unit with high field 
of view. 
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Paper 6 
Johansson D., de Vin L. J. Design and Evaluation of an Omnidirectional 
Active Floor for Synthetic Environments, Proceedings of ITEC, Cologne, 
Germany, 2011. 

Summary 
This paper extends paper five and describes a new version of the omnidi-
rectional floor, with a larger active part. 

Relationship to Research Questions 
The main contribution of this paper relates to research questions five and 
six, as it addresses the human factors related questions of the floor and its 
regulation. 

Contributions to Knowledge and Advances in Technology 
This paper extends paper five in the sense that it identifies the motivation 
and benefits of natural walking as a mean of interaction, and that it pre-
sents a new evaluation of the floor. The evaluation concludes feasible 
maximum velocities and adaptation times with the linear regulation em-
ployed and with a larger active part than the previous version of the floor. 



66 I DANIEL JOHANSSON  Convergence in Mixed Reality-Virtuality Environments 
 

  



66 I DANIEL JOHANSSON  Convergence in Mixed Reality-Virtuality Environments 
 

  

 DANIEL JOHANSSON Convergence in Mixed Reality-Virtuality Environments I 67 
 

 

Acknowledgments 
This short section describes the academic setup and financial support. 

 
This project has been part of the Swedish research school RAP, Robotics, 
Automation and Process control, at Örebro University in collaboration 
with Skövde University. The project is formed as an industrial Ph.D. pro-
gram, based at MSE Weibull in Älmhult, Sweden. The funding has been 
provided by MSE Weibull AB and the Knowledge Foundation. 

 DANIEL JOHANSSON Convergence in Mixed Reality-Virtuality Environments I 67 
 

 

Acknowledgments 
This short section describes the academic setup and financial support. 

 
This project has been part of the Swedish research school RAP, Robotics, 
Automation and Process control, at Örebro University in collaboration 
with Skövde University. The project is formed as an industrial Ph.D. pro-
gram, based at MSE Weibull in Älmhult, Sweden. The funding has been 
provided by MSE Weibull AB and the Knowledge Foundation. 



68 I DANIEL JOHANSSON  Convergence in Mixed Reality-Virtuality Environments 
 

  



68 I DANIEL JOHANSSON  Convergence in Mixed Reality-Virtuality Environments 
 

  

 DANIEL JOHANSSON Convergence in Mixed Reality-Virtuality Environments I 69 
 

 

References 
Azuma R. T. A Survey of Augmented Reality, Presence: Teleoperators and 

Virtual Environments 6, vol. 4, pp. 355-385, 1997. 

Cassar D. and Saliba M. A Force Feedback Glove Based on Magnetor-
heological Fluid: Prototype Development and Evaluation, Proceedings 
of the 1st IEEE International Conference on Applied Bionics and Bio-
mechanics (ICABB-2010), Venice, Italy, 2010. 

Darken R., Cockayne W. and Carmein D. The Omnidirectional Treadmill: 
A Locomotion Device for Virtual Worlds, Proc. Symp. User Interface 
Software and Technology, pp. 213-221, Alberta, Canada, 1997. 

Davis A. and Kühnlenz F., Optical Design using Fresnel Lenses, Optik & 
Photonik, vol. 4, pp. 52-55, 2007. 

De Luca A., Mattone R., Robuffo Giordano P. and Bülthoff H.H. Control 
Design and Experimental Evaluation of the 2D CyberWalk Platform, 
Proc. IEEE/RSJ International Conference on Intelligent Robots and 
Systems, St. Louis, Missouri, USA, 2009. 

De Luca A., Mattone R. and Robuffo Giordano P. Acceleration-level Con-
trol of the Cyber Carpet, IEEE Robotics and Automation, Roma, Italy, 
2007. 

Drascic D. and Milgram P. Perceptual Issues in Augmented Reality, Stereo-
scopic Displays and Virtual Reality Systems III. SPIE vol. 2653,123-
134, 1996. 

Ellis S. What Are Virtual Environments?, IEEE Computer Graphics and 
Applications, pp17-22, 1994. 

Fernandes K. J., Raja V., and Eyre J. Cybersphere: The Fully Immersive 
Spherical Projection System, Communications of the ACM, vol. 46(9), 
pp. 141-146, 2003. 

Garanzha K. and Loop C. Fast Ray Sorting and Breadth-First Packet Tra-
versal for GPU Ray Tracing, Eurographics, vol 29(2), 2010. 

Glover C., Russell B., White A., Miller M. and Stoytchev A. An Effective 
and Intuitive Control Interface for Remote Robot Teleoperation with 
Complete Haptic Feedback, Proceedings of the 2009 Emerging Tech-
nologies Conference (ETC), Ames, IA, USA, 2009. 

Hollerbach J. M. and Christensen R. R. Design Specifications for the Sec-
ond Generation Sarcos Treadport Locomotion Interface, Haptics Sym-

 DANIEL JOHANSSON Convergence in Mixed Reality-Virtuality Environments I 69 
 

 

References 
Azuma R. T. A Survey of Augmented Reality, Presence: Teleoperators and 

Virtual Environments 6, vol. 4, pp. 355-385, 1997. 

Cassar D. and Saliba M. A Force Feedback Glove Based on Magnetor-
heological Fluid: Prototype Development and Evaluation, Proceedings 
of the 1st IEEE International Conference on Applied Bionics and Bio-
mechanics (ICABB-2010), Venice, Italy, 2010. 

Darken R., Cockayne W. and Carmein D. The Omnidirectional Treadmill: 
A Locomotion Device for Virtual Worlds, Proc. Symp. User Interface 
Software and Technology, pp. 213-221, Alberta, Canada, 1997. 

Davis A. and Kühnlenz F., Optical Design using Fresnel Lenses, Optik & 
Photonik, vol. 4, pp. 52-55, 2007. 

De Luca A., Mattone R., Robuffo Giordano P. and Bülthoff H.H. Control 
Design and Experimental Evaluation of the 2D CyberWalk Platform, 
Proc. IEEE/RSJ International Conference on Intelligent Robots and 
Systems, St. Louis, Missouri, USA, 2009. 

De Luca A., Mattone R. and Robuffo Giordano P. Acceleration-level Con-
trol of the Cyber Carpet, IEEE Robotics and Automation, Roma, Italy, 
2007. 

Drascic D. and Milgram P. Perceptual Issues in Augmented Reality, Stereo-
scopic Displays and Virtual Reality Systems III. SPIE vol. 2653,123-
134, 1996. 

Ellis S. What Are Virtual Environments?, IEEE Computer Graphics and 
Applications, pp17-22, 1994. 

Fernandes K. J., Raja V., and Eyre J. Cybersphere: The Fully Immersive 
Spherical Projection System, Communications of the ACM, vol. 46(9), 
pp. 141-146, 2003. 

Garanzha K. and Loop C. Fast Ray Sorting and Breadth-First Packet Tra-
versal for GPU Ray Tracing, Eurographics, vol 29(2), 2010. 

Glover C., Russell B., White A., Miller M. and Stoytchev A. An Effective 
and Intuitive Control Interface for Remote Robot Teleoperation with 
Complete Haptic Feedback, Proceedings of the 2009 Emerging Tech-
nologies Conference (ETC), Ames, IA, USA, 2009. 

Hollerbach J. M. and Christensen R. R. Design Specifications for the Sec-
ond Generation Sarcos Treadport Locomotion Interface, Haptics Sym-



70 I DANIEL JOHANSSON  Convergence in Mixed Reality-Virtuality Environments 
 

posium, Proc. ASME Dynamic Systems and Control Division, pp. 
1293-1298, Orlando, Florida, USA, 2000. 

Iwamoto T., Tatezono M. and Shinoda H. Non-Contact Method for Pro-
ducing Tactile Sensation Using Airborne Ultrasound, Proc. EuroHap-
tics, LNCS 5024, pp. 504-513, Madrid, Spain, 2008. 

Iwata H, Yano H., and Tomioka H. Powered Shoes, SIGGRAPH Confer-
ence DVD, 2006. 

Iwata H., Yano H., Fukushima H., and Noma H. CirculaFloor, IEEE 
Computer Graphics and Applications, vol. 25, pp. 64-67, 2005. 

Iwata H., Yano H. and Nakaizumi F. Gait Master: A Versatile Locomotion 
Interface for Uneven Virtual Terrain, Proceedings of IEEE Virtual Real-
ity Conference, pp. 131-137, Yokohama, Japan, 2001. 

Iwata H. Walking About Virtual Environments on an Infinite Floor, Proc. 
IEEE Virtual Reality, pp. 286-293, Houston, Texas, USA, 1999. 

Kennedy R. S. and Fowlkes J. E. Simulator Sickness is Polygenic and Poly-
symtomatic: Implications for Research, International Journal of Avia-
tion Psychology, vol. 2, pp. 23-38, 1992. 

Lampton D., Cohn J., Endsley M., Freeman J., Gately M. and Martin G. 
Measuring Situation Awareness for Dismounted Infantry Squads, Pro-
ceedings of Interservice/Industry Training, Simulation, and Education 
Conference (I/ITSEC), Orlando, Florida, USA, 2005. 

Latypov R. Virtusphere, www.virtusphere.com, visited June 23, 2011 

Lewis C.H. and Griffin M. J. Human Factors Consideration in clinical 
Applications of Virtual Reality, Studies in Health Technology and In-
formatics, vol. 44, pp. 35-56, 1997. 

Livingston M., Julier S. and Brown D. Situation Awareness for Dis-
mounted Warfighters and Unmanned Vehicles, Proceedings of SPIE 
Enhanced and Synthetic Vision, Kissimmee, Florida, USA, 2006. 

Lo W. T., So, R. H. Y. Cybersickness in the Presence of Scene Rotational 
Movements Along Different Axes, Applied Ergonomics, vol. 32. pp. 1-
14, 2001. 

Micheletti J. D and Wurpts M. J. Applying Chroma-Keying Techniques in 
a Virtual Environment, Helmet- and Head-Mounted Displays V, 
pp.284-293, 2000. 



70 I DANIEL JOHANSSON  Convergence in Mixed Reality-Virtuality Environments 
 

posium, Proc. ASME Dynamic Systems and Control Division, pp. 
1293-1298, Orlando, Florida, USA, 2000. 

Iwamoto T., Tatezono M. and Shinoda H. Non-Contact Method for Pro-
ducing Tactile Sensation Using Airborne Ultrasound, Proc. EuroHap-
tics, LNCS 5024, pp. 504-513, Madrid, Spain, 2008. 

Iwata H, Yano H., and Tomioka H. Powered Shoes, SIGGRAPH Confer-
ence DVD, 2006. 

Iwata H., Yano H., Fukushima H., and Noma H. CirculaFloor, IEEE 
Computer Graphics and Applications, vol. 25, pp. 64-67, 2005. 

Iwata H., Yano H. and Nakaizumi F. Gait Master: A Versatile Locomotion 
Interface for Uneven Virtual Terrain, Proceedings of IEEE Virtual Real-
ity Conference, pp. 131-137, Yokohama, Japan, 2001. 

Iwata H. Walking About Virtual Environments on an Infinite Floor, Proc. 
IEEE Virtual Reality, pp. 286-293, Houston, Texas, USA, 1999. 

Kennedy R. S. and Fowlkes J. E. Simulator Sickness is Polygenic and Poly-
symtomatic: Implications for Research, International Journal of Avia-
tion Psychology, vol. 2, pp. 23-38, 1992. 

Lampton D., Cohn J., Endsley M., Freeman J., Gately M. and Martin G. 
Measuring Situation Awareness for Dismounted Infantry Squads, Pro-
ceedings of Interservice/Industry Training, Simulation, and Education 
Conference (I/ITSEC), Orlando, Florida, USA, 2005. 

Latypov R. Virtusphere, www.virtusphere.com, visited June 23, 2011 

Lewis C.H. and Griffin M. J. Human Factors Consideration in clinical 
Applications of Virtual Reality, Studies in Health Technology and In-
formatics, vol. 44, pp. 35-56, 1997. 

Livingston M., Julier S. and Brown D. Situation Awareness for Dis-
mounted Warfighters and Unmanned Vehicles, Proceedings of SPIE 
Enhanced and Synthetic Vision, Kissimmee, Florida, USA, 2006. 

Lo W. T., So, R. H. Y. Cybersickness in the Presence of Scene Rotational 
Movements Along Different Axes, Applied Ergonomics, vol. 32. pp. 1-
14, 2001. 

Micheletti J. D and Wurpts M. J. Applying Chroma-Keying Techniques in 
a Virtual Environment, Helmet- and Head-Mounted Displays V, 
pp.284-293, 2000. 

 DANIEL JOHANSSON Convergence in Mixed Reality-Virtuality Environments I 71 
 

Milgram, P. and Kishino F. A Taxonomy of Mixed Reality Visual Dis-
plays, IEICE Transactions on Information Systems, vol. E77-D, No. 
12, 1994. 

Seo Y. H., Park H. Y., Han T. and Yang H. S. Wearable Telepresence Sys-
tem Using Multi-Modal Communication with Humanoid Robot, Pro-
ceedings of ICAT 2003, Tokyo, Japan, 2003. 

Slater M. Measuring Presence: A Response to the Witmer and Singer Pres-
ence Questionnaire, Presence: Teleoperators and Virtual Environments, 
vol. 8, no. 5, pp. 560-565, 1999. 

Stanney K. M. and Kennedy R.S. The Psychometrics of Cybersickness, 
Communications of the ACM, volume 40, number 8, pp 67-68, 1997. 

Stone R. J. Haptic Feedback: a Potted History, from Telepresence to Vir-
tual Reality, Proceedings of the Workshop on Haptic Human-
Computer Interaction, pp. 1-8, Glasgow, UK, 2000. 

Tschesnok A. J. System and method for tracking three dimensional objects, 
United States Patent Application 20090122058, 2009. 

vd Bergh F. and Lalioti V. Software Chroma-keying in Immersive Virtual 
Environments, Computer Science and Information Systems, South Afri-
can Computer Journal, No. 24, 1999. 

Vierjahn T., Wöldecke B., Geiger C. and Herder J. Improved Direction 
Signalization Technique Employing Vibrotactile Feedback, Proceedings 
of Laval Virtual VRIC, Laval, France, 2009. 

Witmer B. G. and Singer M. J. Measuring Presence in Virtual Environ-
ments: A Presence Questionnaire, Presence: Teleoperators and Virtual 
Environments, vol. 7, no. 3, pp. 225-240, 1998. 

http://www.ethicalhacker.net/content/view/207/2/, visited Dec 13, 2011 





Publications in the series
 Örebro Studies in Technology

 1. Bergsten, Pontus (2001) Observers and Controllers for Takagi  
 – Sugeno Fuzzy Systems. Doctoral Dissertation.

 2. Iliev, Boyko (2002) Minimum-time Sliding Mode Control of  
 Robot Manipulators. Licentiate Thesis. 

 3. Spännar, Jan (2002) Grey box modelling for temperature   
 estimation. Licentiate Thesis. 

 4. Persson, Martin (2002) A simulation environment for visual  
 servoing. Licentiate Thesis.

 5. Boustedt, Katarina (2002) Flip Chip for High Volume and Low  
 Cost – Materials and Production Technology. Licentiate Thesis. 

 6. Biel, Lena (2002) Modeling of Perceptual Systems – A Sensor  
 Fusion Model with Active Perception. Licentiate Thesis. 

 7. Otterskog, Magnus (2002) Produktionstest av    
 mobiltelefonantenner i mod-växlande kammare. Licentiate Thesis.

 8. Tolt, Gustav (2003) Fuzzy-Similarity-Based Low-level Image  
 Processing. Licentiate Thesis. 

 9. Loutfi, Amy (2003) Communicating Perceptions: Grounding  
 Symbols to Artificial Olfactory Signals. Licentiate Thesis. 

10. Iliev, Boyko (2004) Minimum-time Sliding Mode Control of  
 Robot Manipulators. Doctoral Dissertation.

11. Pettersson, Ola (2004) Model-Free Execution Monitoring in  
 Behavior-Based Mobile Robotics. Doctoral Dissertation.

12. Överstam, Henrik (2004) The Interdependence of Plastic   
 Behaviour and Final Properties of Steel Wire, Analysed by the  
 Finite Element Metod. Doctoral Dissertation. 

13. Jennergren, Lars (2004) Flexible Assembly of Ready-to-eat Meals.  
 Licentiate Thesis.

14. Jun, Li (2004) Towards Online Learning of Reactive Behaviors in  
 Mobile Robotics. Licentiate Thesis.

15. Lindquist, Malin (2004) Electronic Tongue for Water Quality  
 Assessment. Licentiate Thesis.

16. Wasik, Zbigniew (2005) A Behavior-Based Control System for  
 Mobile Manipulation. Doctoral Dissertation.



17. Berntsson, Tomas (2005) Replacement of Lead Baths with  
 Environment Friendly Alternative Heat Treatment Processes in  
 Steel Wire Production. Licentiate Thesis. 

18. Tolt, Gustav (2005) Fuzzy Similarity-based Image Processing.  
 Doctoral Dissertation.

19. Munkevik, Per (2005) ”Artificial sensory evaluation –   
 appearance-based analysis of ready meals”. Licentiate Thesis. 

20. Buschka, Pär (2005) An Investigation of Hybrid Maps for Mobile  
 Robots. Doctoral Dissertation. 

21. Loutfi, Amy (2006) Odour Recognition using Electronic Noses in  
 Robotic and Intelligent Systems. Doctoral Dissertation. 

22. Gillström, Peter (2006) Alternatives to Pickling; Preparation of  
 Carbon and Low Alloyed Steel Wire Rod. Doctoral Dissertation.

23. Li, Jun (2006) Learning Reactive Behaviors with Constructive  
 Neural Networks in Mobile Robotics. Doctoral Dissertation. 

24. Otterskog, Magnus (2006) Propagation Environment Modeling  
 Using Scattered Field Chamber. Doctoral Dissertation. 

25. Lindquist, Malin (2007) Electronic Tongue for Water Quality  
 Assessment. Doctoral Dissertation. 

26. Cielniak, Grzegorz (2007) People Tracking by Mobile Robots  
 using Thermal and Colour Vision. Doctoral Dissertation. 

27. Boustedt, Katarina (2007) Flip Chip for High Frequency   
 Applications – Materials Aspects. Doctoral Dissertation. 

28. Soron, Mikael (2007) Robot System for Flexible 3D Friction Stir  
 Welding. Doctoral Dissertation. 

29. Larsson, Sören (2008) An industrial robot as carrier of a laser  
 profile scanner. – Motion control, data capturing and path  
 planning. Doctoral Dissertation. 

30. Persson, Martin (2008) Semantic Mapping Using Virtual Sensors  
 and Fusion of Aerial Images with Sensor Data from a Ground  
 Vehicle. Doctoral Dissertation. 

31. Andreasson, Henrik (2008) Local Visual Feature based   
 Localisation and Mapping by Mobile Robots. Doctoral Dissertation. 

32.  Bouguerra, Abdelbaki (2008) Robust Execution of Robot  
 Task-Plans: A Knowledge-based Approach. Doctoral Dissertation. 

33.  Lundh, Robert (2009) Robots that Help Each Other:  
 Self-Configuration of Distributed Robot Systems.  
 Doctoral Dissertation. 



34.  Skoglund, Alexander (2009) Programming by Demonstration of  
 Robot Manipulators. Doctoral Dissertation. 

35.  Ranjbar, Parivash (2009) Sensing the Environment:  
 Development of Monitoring Aids for Persons with Profound  
 Deafness or Deafblindness. Doctoral Dissertation. 

36.  Magnusson, Martin (2009) The Three-Dimensional Normal- 
 Distributions Transform – an Efficient Representation   
 for Registration, Surface Analysis, and Loop Detection.  
 Doctoral Dissertation. 

37. Rahayem, Mohamed (2010) Segmentation and fitting for   
 Geometric Reverse Engineering. Processing data captured by a  
 laser profile scanner mounted on an industrial robot. 
 Doctoral Dissertation. 

38. Karlsson, Alexander (2010) Evaluating Credal Set Theory as  
 a Belief Framework in High-Level Information Fusion for  
 Automated Decision-Making. Doctoral Dissertation.

39. LeBlanc, Kevin (2010) Cooperative Anchoring – Sharing Information 
 About Objects in Multi-Robot Systems. Doctoral Dissertation.

40. Johansson, Fredrik (2010) Evaluating the Performance of TEWA  
 Systems. Doctoral Dissertation.

41. Trincavelli, Marco (2010) Gas Discrimination for Mobile Robots.  
 Doctoral Dissertation.

42. Cirillo, Marcello (2010) Planning in Inhabited Environments:  
 Human-Aware Task Planning and Activity Recognition.  
 Doctoral Dissertation.

43. Nilsson, Maria (2010) Capturing Semi-Automated Decision  
 Making: The Methodology of CASADEMA. Doctoral Dissertation.

44. Dahlbom, Anders (2011) Petri nets for Situation Recognition.  
 Doctoral Dissertation.

45. Ahmed, Muhammad Rehan (2011) Compliance Control of Robot  
 Manipulator for Safe Physical Human Robot Interaction.  
 Doctoral Dissertation.

46. Riveiro, Maria (2011) Visual Analytics for Maritime Anomaly  
 Detection. Doctoral Dissertation.

47. Rashid, Md. Jayedur (2011) Extending a Networked Robot System  
 to Include Humans, Tiny Devices, and Everyday Objects.  
 Doctoral Dissertation.

48. Zain-ul-Abdin (2011) Programming of Coarse-Grained   
 Reconfigurable Architectures. Doctoral Dissertation.



49. Wang, Yan (2011) A Domain-Specific Language for Protocol  
 Stack Implementation in Embedded Systems. Doctoral Dissertation.

50. Brax, Christoffer (2011) Anomaly Detection in the Surveillance  
 Domain. Doctoral Dissertation.

51. Larsson, Johan (2011) Unmanned Operation of Load-Haul-Dump  
 Vehicles in Mining Environments. Doctoral Dissertation.

52. Lidström, Kristoffer (2012) Situation-Aware Vehicles: Supporting  
 the Next Generation of Cooperative Traffic Systems. Doctoral  
 Dissertation.

53. Johansson, Daniel (2012) Convergence in Mixed Reality-Virtuality  
 Environments. Facilitating Natural User Behavior. Doctoral  
 Dissertation.


	kappa
	kappa_sid_33
	kappa
	Pub tekniken (53_Johansson)_sist


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all odd numbered pages
     Trim: extend right edge by 8.50 points
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070911144105
       881.5748
       Blank
       150.2362
          

     Tall
     1
     0
     No
     754
     292
     None
     Right
     127.5591
     0.0000
            
                
         Odd
         1
         AllDoc
         76
              

       PDDoc
          

     Bigger
     8.5039
     Right
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0d beta 2
     Quite Imposing Plus 3
     1
      

        
     1
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all even numbered pages
     Trim: extend left edge by 8.50 points
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070911144105
       881.5748
       Blank
       150.2362
          

     Tall
     1
     0
     No
     754
     292
     None
     Right
     127.5591
     0.0000
            
                
         Even
         1
         AllDoc
         76
              

       PDDoc
          

     Bigger
     8.5039
     Left
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0d beta 2
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all odd numbered pages
     Trim: cut right edge by 8.50 points
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     317
     None
     Up
     0.0000
     0.0000
            
                
         Odd
         AllDoc
              

       PDDoc
          

     Smaller
     8.5039
     Right
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0d beta 2
     Quite Imposing Plus 3
     1
      

        
     1
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all even numbered pages
     Trim: cut left edge by 8.50 points
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     317
     None
     Up
     0.0000
     0.0000
            
                
         Even
         AllDoc
              

      
       PDDoc
          

     Smaller
     8.5039
     Left
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0d beta 2
     Quite Imposing Plus 3
     1
      

   1
  

 HistoryList_V1
 qi2base



