








A B S T R A C T

The main focus of my doctoral studies has been the work made to design and
build a novel type of semi-immersive Virtual Reality (VR) system for scienti�c

visualisation, and the implementation of software that could take advantage of its
advanced features. The need for building a Virtual environment (VE) system was
indeed strongly connected with the analysis of a 3D physical system, steel �bre
reinforced concrete (SFRC), formed by mixing of concrete matrix with short steel
�bres.

Semi-immersive multi-screen VE present two main problems: they require a
large amount of space in order to provide a reasonable size visualization sur-
face (due to the projectors throw distance) and they are still very expensive. That
makes them a tool hardly a�ordable to many research institutions.
The existing software that can be used for the analysis of SFRC su�ers similar
drawbacks. They are mostly commercial software with undisclosed algorithms.
The researchers face the choice to either acquire expensive licenses of software
that cannot be modi�ed to ful�l speci�c needs, or have the analysis performed by
third parts with fees. The few non commercial ones usually tend to lack �exibility
on the type and quality of the data they can process, they need the user interac-
tion along the process or have very long processing times (up to three hours for
a single dataset).

This work’s answer to the above mentioned problems are the following ones:

• The design and building of the Kyb3, a VE representing a unique combina-
tion of displaying surface, occupied space and costs.

• The development of the algorithms and the software implementation of
a fast, e�cient and open source tool for the automated analysis of �bres
orientation in SFRC X-ray tomography samples (�TAnS-�b).

• The design and implementation of a VR-ready software to visualize the be-
havior of �bres orientation tensors during SFRC Computational Fluid Dy-
namics (CFD) simulation castings, through the use of 3D superellipsoidal
glyphs (A.C.T.I.V.E.) .

The VE was necessary as a platform where to both develop and visualize partial
and �nal results of the software. The �rst task that we undertook was therefore
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to design and build one.
In order to have a system that could attract interest on an international ground
with its novelty, we decided to design it focusing on obtaining a unique ratio of
display surface size, occupied space and costs. The development of our VE, the
Kyb3, is described in detail in Publication I and was awarded with a Best Paper
Award in the VARE2013 Conference in Tenerife (Spain).

To perform �bres orientation analysis on SFRC X-ray tomography scans we de-
veloped the algorithm and software, �TAnS-�b, that we presented on Publication
IV. The aim was to obtain a powerful and fast tool for the automated analysis of
the samples that could also provide data for the 3D visual inspection of the res-
ults.
Through the whole development of the software we used the Kyb3 as a visual
debugging platform for the process partial and �nal results. The decision paid o�:
the �rst results, initially di�cult to decipher numerically, turned out, once visu-
alized, to be displaying a set of additional information describing features of the
�bres orientation usually neglected by the traditional analysis methods.
The contribution of visual feedback to the success of our development process of
the software is presented in Publication II.
The software results were validated both numerically and visually: we compared
the resulting tensor data with that obtained from an existing method (skeleton-
isation) on the same large batch of datasets and we displayed them on the Kyb3.
Researchers specialized in complex materials analysis could then inspect the res-
ults and con�rm their validity.
The algorithm performed in the expected way, providing the results anticipated,
new information about �bres orientation (described later in this dissertation) and
in certain cases an even higher precision than the skeletonisation approach. The
computational times have been cut down to less than one sixth compared to the
previous method and no additional intervention from the user is required during
the process.

To further extend our set of software related to complex materials analysis, we
designed and developed a second tool able to work on VE s: A.C.T.I.V.E (see Pub-
lication III). Focused on the visualisation of SFRC research as well, the software
uses superellipsoidal glyphs to visualise the �bre orientation tensor behaviour in
CFD simulations of SFRC during casting time. Its portability and scalability allow
it to run both on standard desktop computers and on more complex VE like the
Kyb3.
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A N N O TAT S I O O N

Käesolev doktoritöö käsitleb uudse visualiseerimissüsteemi (Virtuaalse
Reaalsuse - VR) projekteerimist ja vastava tarkvara arendamist. Vajadus tao-

lise süsteemi loomiseks tekkis konkreetse kolmemõõtmelise (3D) füüsikalise
süsteemi analüüsil, mis vajas visualiseerimist. Füüsikaline süsteem on perspek-
tiivne ehitusmaterjal teraskiudbetoon, mille põhikomponentideks on betoonmass
koos lühikeste teraskiududega asendamaks traditsioonilist metallarmatuuri. Kiu-
dude orientatsiooni määramine senituntud meetoditega on osutunud väga tü-
likaks.
Eksisteerivad VR-süsteemid on väga suurte mõõtmetega, kuna kasutatakse suuri
projektoreid ning vastav litsentseeritud kommertstarkvara ei luba paindlikkust
andmete töötlemiseks. Seetõttu seati doktoritöö eesmärgiks arendada uus süsteem
(nimega Kyb3), mis kujutab endast unikaalset väikesemõõdulist seadet minimaalse
hinnaga. Seade pidi võimaldama automaatset kiudude orientatsiooni
määramist teraskiudbetooni skaneeritud katsekehadel ja sellega seoses ka vas-
tavate algoritmide ja vabavara väljatöötamist. Kiudude rivistustensorite määra-
mine vajas spetsii�list arvutusdünaamikal põhineva algoritmi väljatöötamist,
mille baaselementideks valiti 3D superellipsoidaalsed glüü�d.
Uuringud algasid vastava VR-süsteemi väljatöötamisega vastavalt doktoritöö ees-
märkidele. Süsteemi Kyb3 on kirjeldatud publikatsioonis I, mis sai ka parima
artikli auhinna rahvusvahelisel konverentsil VARE2013 (Hispaania). Kiudude
orientatsiooni analüüsiks skaneeritud katsekehadel on konstrueeritud algoritm ja
vastav tarkvara (�TAnS-�b), mida on kirjeldatud publikatsioonis IV. See
võimaldab saada ka andmeid tulemuste 3D visuaalseks kontrolliks. On oluline, et
just visuaalne kontroll võimaldas saada täiendavat informatsiooni kiudude
orientatsioonist, mis traditsiooniliste meetoditega ei õnnestunud. Taolise visuaalse
tagasiside olulisust on kirjeldatud publikatsioonis II, kus võrreldakse numbrilist ja
visuaalset analüüsi saadud tensorväljades, kasutades nende võrdlemist
väljatöötatud seadmes Kyb3.
Tarkvara arendamise lõppfaas oli pühendatud andmete �ltreerimise ja töötlemise
parandamisele, arvutuste optimeerimisele ja saadud tulemuste võrdlemisele
skelettalgoritmi rakendamisel saadud tulemustega. Väljatöötatud uudne algoritm
lubas leida ka lisainformatsiooni kiudude orientatsiooni kohta ning omas mõnel
juhul isegi suuremat täpsust kui skelettalgoritm. Oluline on aga suur võit
arvutusaegades (kuni kuus korda).
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Doktoritöös saadud tulemused on visuaalselt valideeritud Kyb3 süsteemil koos
mikrostruktuure uuriva teadusrühmaga TTÜ KübIs. Selle uuringu tulemusena
valmis rakendus A.C.T.I.V.E. kompleksstruktuuriga materjalide analüüsiks, mis on
rakendatud loodud VR-süsteemis (vt publikatsioon III). Siin on originaalse ideena
kasutatud superellipsoidaalseid glüüfe, mis visualiseerivad teraskiudbetooni
valamise käigus tekkivaid dünaamilisi muutusi. Vastav tarkvara võimaldab seda
kasutada nii standartsel lauaarvutil kui ka virtuaalkeskkonnas Kyb3.
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The interdisciplinary nature of my chosen subject, Scienti�c Visualization,
led me, through the years of my PhD studies, to encounter and deal with a

wide variety of topics.
In order to achieve the �nal goal, it not only became necessary to acquire a good
mastery of all of them, but it also implied the need to develop the understanding
of how they could be synergistically merged together in order to maximize the
results.
This implies therefore that this dissertation not only aims at describing the single
modules involved, but also at giving a model of the interdisciplinary method em-
ployed. Throughout this whole process, subjects apparently disconnected from
each other where developed and used together to enhance the results. This gran-
ted not only improvements in the whole project, but also granted me a personal
wider understanding of its separate components.
Developing an algorithm (and its software implementation) able to perform the
automated analysis on a speci�c type of complex material, SFRC by granting an
e�ective visual feedback to the user, required at �rst to familiarize with the multi-
tude of separate subjects involved. This introduction aims at granting the reader
a shallow but su�cient background knowledge of most of them, in order to better
understand why and how they were used.
In summary, this dissertation represents a concise overview of the work per-
formed during my doctoral studies and its scienti�c outcomes. In order to ex-
amine in further depth the methodologies employed, the results obtained and the
background information of the speci�c topics, the reader is invited to consult the
appended publications.
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1
I N T R O D U C T I O N A N D S TAT E O F T H E A R T

1.1 motivation and contribution of this work

As we already introduced in the abstract, this dissertation is about sci-
enti�c visualization applications using VR systems in the research �eld of

complex materials analysis, in the speci�c case, SFRC.
This introductive chapter clari�es the motivation and contribution of our re-

search, the outcomes in terms of algorithms and software developed and the re-
lated conference presentations. It also provides the background information ne-
cessary to full understand the work done by o�ering a summary of the three main
topics involved: Scienti�c Visualization, Virtual Reality and Steel Fibre Reinforced
Concrete.

1.1.1 Motivation of the research

The fundamental problem faced by our speci�c choice of topics was related to the
nature of multi-screen semi-immersive VE. In order to grant a reasonably large dis-
play surface, these systems tend to require large amounts of space and their cost
easily reach the hundreds of thousands of euros. What we wanted to have in our
research group additionally, was not only a visualization system speci�cally made
to display our research data, but also a system that could become a prototype to
develop additional VR-oriented research.

The software tools to analyse and display the results of research on SFRC, showed
even more complex problems in terms of �exibility of use (a more detailed over-
view of the existing ones is presented in section 1.6). The most e�ective ones
are expensive, commercial suites with undisclosed and unmodi�able algorithms.
That means they can be used as a tool, but o�er no insight or understanding in
what they do and how they do it. The alternative of relying on third part services
presents the same drawbacks.
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introduction and state of the art

What we wanted was a �exible tool with open source code, that could be modi�ed
to expand its features while the research on the topic progresses and new areas of
interest arise. The existing open access ones (described more in detail in section
1.6) present additional problems. They are �rst of all often very slow (to analyse
a single sample they require approximately 3 hours, at least where timing was
mentioned), they take into account well prepared and noise-free datasets (that is
unfortunately rarely the real case) and often lack important features as the detec-
tion of partially cut or touching �bres.
Moreover, there are features of the �bres that contribute to the material prop-
erties of SFRC, as for example the hooks shapes, that are mostly ignored by the
existing software.

The work done and presented in this dissertation addresses the above mentioned
problems and merges the solutions together in order to highlight the bene�ts of
VR visualization on the research on complex materials.

1.1.2 Contributions of this research in the �eld of Virtual Reality

Explained in further detail in Chapter Chapter 2, we can summarize this work
contribution on the VR topic with the construction of the Kyb3 VE in:

• The Kyb3 presents a unique ratio displaying surface/occupied space: ap-
proximately 2.7m2 of visualization area distributed over 3 screens, in a total
occupied space of only 2m�1.7m�1.9m.

• Despite the contained size, the Kyb3 features all the attributes of the largest
full-sized CAVE-like [6] VE: multiple screens perpendicular to each other,
passive 3D stereoscopy, six degrees of freedom (6DOF) user tracking and
interaction and space-saving mirror system for projections.

• Due to the complete design, construction and software implementation dis-
closure, the Kyb3 is a fully reproducible system.

• With all the above mentioned features, and a total cost of approximately
30.000 euro, it represents one of the most a�ordable systems of its kind.
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1.1 motivation and contribution of this work

1.1.3 Contributions of this research in the �eld of Analysis and visualization of
microstructures materials

The contributions related to the analysis and visualization of complex materials
are summarized in the algorithms and the implementation of the two tools we
developed:

• Fibre orientation analysis in SFRC X-ray tomography scans, explained in
detail in Chapter Chapter 3.

• Superellipsoidal glyphs-based visualisation of SFRC CFD simulations cast-
ings, detailed in Chapter Chapter 4.

To o�er the reader an overview of the results obtained, we present here a list
of the contributions for each of them.

Anaysis of �bres orientation on SFRC X-ray tomography scans.

• Automated analysis of �bres orientation in SFRC.

• Short computational times (Approximately 1/6 of the other existing meth-
ods where timing was available).

• Automated separation of touching �bres.

• Capability to �lter and analyse even very noisy datasets.

• Data on the contribution of the hooks to the physical properties of the ma-
terial in its uncracked state.

• Ability to process overnight large batches of datasets without need for user
interaction.

• Numerical results (tensor data) and 3D visual data for VE visualization out-
put.

• Released under open source license.

Superellipsoidal glyphs-based visualisation of SFRC CFD simulations castings.

• Computes CFD simulations of SFRC casting and visualizes them dynamically
using superellipsoidal glyphs to display and highlight the �bres orientation
tensors.

• Portable and scalable, can be executed on traditional desktop computer, im-
mersive and semi-immersive VE.
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• Extremely optimized to display animated simulations of large amounts of
data also on low-performances systems.

• Full control of the visualization parameters and tools to allow in-depth in-
spection of the data.

• Released under open source license.
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1.2 released software

The following software has been developed during the course of the work de-
scribed in this dissertation and has been released publicly under open source li-
cense :

WintrackerIII Vrpn Server – a driver-less Virtual reality peripheral network
(VRPN) server for the Wintracker III electromagnetic tracker. The server has been
merged into the main trunk of VRPN and is now part of the o�cial download.
Available on http://www.cs.unc.edu/Research/vrpn/

�TAnS-Fib – a cross platform tool for the automated �ltering and analysis of
hooked �bres orientation in SFRC x-ray tomographies. This open-source software
constitutes the implementation of the algorithm developed in the dissertation and
produced the results explained in Publication II and Publication IV. Available on
GIT repository : http://bitbucket.org/VisParGroup/utans-�b

A.C.T.I.V.E. – a scalable tool for Virtual Reality visualization of superellipsoid-
based glyphs depicting the orientation equation of SFRC �bres during a CFD cast-
ing simulation (see Publication III). The software uses VRUI as framework and is
therefore equally suitable for desktop or VR systems. This software would have
not been possible without the gratefully acknowledged contribution of Marcel
Padilla and Micheal Krause.
Available on GIT repository : http://bitbucket.org/VisParGroup/active

1.3 conference presentations

The results of our research work have been presented at the following confer-
ences:

• Santa Cruz de Tenerife (Spain) - Virtual and Augmented Reality for Educa-
tion - VARE 2013

• Lecce (Italy), Salento Augmented and Virtual Reality - AVR 2014, Co-author.

• Tallinn (Estonia), Baltic Electronic Conference - BEC 2014

• Rakvere (Estonia), ICT Doctoral School - ICTDS 2014

• Bremen (Germany), EUROVR 2014, Co-author.
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Figure 1.1 – Gibb’s thermodynamic surface of 1873, realized by James Clerk Maxwell in 1874

1.4 scientific visualization

The incredible evolution witnessed during the last century in all the sciences went
hand in hand with an increasing complexity and size of simulations and data.
Already in 1874, by sculpting in clay the famous Maxwell’s thermodynamic sur-
face (depicted in Figure.1.1), James Clerk Maxwell forecast the needs that would
have developed in the years to come: the �rst scienti�c visualisation 3D model
was born. Given the predominance of Vision among the human sensory inputs,
a complete visualisation of a problem quali�es as an invaluable starting point to
stimulate the user through the three separate levels of comprehension: present-
ation, understanding, and prediction. Vision’s purpose is to smoothly introduce
the user to the �rst one, Presentation. It must indeed communicate the data to
the user in a way that is easy and fast for him to assimilate. During the last dec-
ades traditional visualisation techniques became obsolete in a majority of cases,
or simply not su�cient any more to grant a valuable visual understanding of the
processed datasets.
Simultaneously to powerful computational machines becoming able to perform
more and more complex simulation in shorter times, new graphical algorithms
and hardware began having an always growing importance in order to support
all the scienti�c �elds requiring visualisation features.
Due to the interdisciplinary nature of this visualisation, graphics algorithms mixed
with the need for extreme optimisation and with the speci�c requirements of the
addressed scienti�c �elds. Its growth interwove with natural sciences in such a
way to create a new unique branch of information technology: Scienti�c Visual-
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isation.

This discipline specialises in solving visualisation problems in the three dimen-
sional space for all the �elds of sciences that might manifest the need.
By granting the possibility for visual inspection of the data (geometry) and re-
lationships (topology), a whole new range of opportunity arises for the analysis
of what would otherwise be presented as an enormous �ows of numbers only.
Hidden features and unexpected behaviours can be discovered more easily and
faster, while validation and disclosure of results becomes more accessible for re-
searchers, teachers and students. By merging aspects of scienti�c visualisation,
information visualisation and automated data analysis, the progress of several
studies belonging to the most diversi�ed research areas has been boosted by sev-
eral factors of magnitude.

Among the most interesting examples that we met during our research we �nd
the superellipsoid-based visualisation techniques for liquid crystals alignments
[17] the tensor visualisation for MRI imaging analysis [50]; Crusta, the virtual
globe application able to enable immersive virtual �eld work using high resolu-
tion earth models [4] or the complex but extremely interesting 3D visualisation
and interpolations of fractal surfaces [52].
Scienti�c Visualisation is a �eld in constant evolution, its pace being dictated by
the innovation pursued by other scienti�c branches, in constant need for new
techniques to display newly formed theories and data.

1.5 virtual reality

The fundamental drawback of classic 3D graphics (i.e. volumetric data, mesh visu-
alisation, etc.) is due not to limitations in power of hardware and software, but
to the nature of the compromise that was considered the only possible paradigm
in displaying 3D data: the outcome was always presented on a 2D surface, the
display [19].
This represented for years an insurmountable obstacle to the constant attempt of
visualisation researchers to make the interaction with the data more and more
natural, with the ideal aim of obtaining a quasi-real �nal result.
By evolving the visualisation and the interaction with the data into a natural
process, it is possible to maximise the e�ciency while minimising the discomfort
caused to the user by being put in contact with an environment too complex to fa-
miliarise with. The earlier approaches to dissolve the unnatural interface between
man and 3D environment constituted by the display and the traditional interac-
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Figure 1.2 – A semi-immersive multi user CAVE system at the Machine Construction faculty
of the Chemnitz Technical University

tion devices (as the mouse (invented in 1960) or the keyboard), followed the input
of sci-� literature in the early 80s, and focused on HMD.
Although the possibility of granting a complete immersion in the simulated data-
sets and sceneries by occluding the visual of the real world to the user seemed
initially to be the ideal choice, the technology of the time had not reached a suf-
�cient development level. The topic gradually faded from the public spotlight.
At the same time, though, researchers did not abandon it at all, focusing instead
on a di�erent approach, semi-immersivity. Conceived with a less commercial ap-
proach, the �rst Virtual Environments of this kind, pioneered by the Cruz-Neira’s
Cave Automatic Virtual Environment (CAVE) (depicted in Fig.1.2) [6] at the Uni-
versity of Illinois in 1992, became huge room-sized systems. Extremely expensive
and with large space requirements, the CAVE and its evolutions were anyway the
ones that set the path to research in the �eld of Virtual Reality for the last 20
years.
Due to the large costs of building a CAVE, it was only a few research institutes that
began �rst building room-sized CAVEs, and from there to using them on Scienti�c
Visualisation applications, the step was an obvious one.
In the last ten years, though, the prices of the hardware necessary to run a VR
system have decreased quickly, and that allowed a new decision: either spend the
same amount of money as before and build systems tens of times more powerful
than their ancestors (in performances, resolution, features, etc.) or to build smal-
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Figure 1.3 – Latest customer market VR devices, Virtuix Omni multi-directional treadmill,
Oculus Rift HMD and STEM wireless user tracking device

ler systems with very limited budgets.
In the second case, obvious compromises have to be accepted, but on the wave of
the latest VR devices (depicted in Fig.1.3), like Oculus Rift,STEM Tracking system
or Virtuix Omni, VR is �nally on the verge of entering, at least on a single-user
level, the fully accessible customer market.

1.6 steel fibre reinforced concrete

SFRC is a modern cementitious composite material made of aggregate, cement that
incorporates discrete discontinuous �bres. SFRC is bound to gradually substitute
the traditional metal bars or grids reinforced concrete for several applications in
the construction industry.
The need to reinforce concrete arises from the nature of the material itself. By
being brittle, with a low tensile strength and low strain capacity, concrete needs,
in order to perform properly, a way to bridge the micro cracks that propagate in
its structure.
That method is represented, in the speci�c case of SFRC, by a certain amount of
steel �bres with hooked ends, 50 mm long and 1 mm thick, mixed in the concrete
(see Fig.1.4).
Their presence is therefore important in order to improve the mechanical prop-
erty of the material. They help the concrete in bearing part of the tensile stress
and chemically and mechanically transfer the remaining part to more stable re-
gions of the matrix. Multiple factors in�uence the e�ciency of the �bres: shape,
volume fraction, aspect ratio, their surface properties and orientation [43].
As the orientation distribution of the �bres within the matrix is non uniform, the
properties of the system often tend towards anisotropy. A number of investiga-
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Figure 1.4 – A hooked-ends steel �bre

tions though [13],[53],[27], have been demonstrating the strong in�uence that
the orientation has on the material properties.
One of the most in�uential causes of isotropic orientation, is for example the so-
called "wall e�ect", i.e. the in�uence of the bounding mould in generating nearby
regions of �bres with dominant orientations.
Due to such a variety of di�erent mould shapes and casting conditions and meth-
ods, non-destructive testing becomes a necessary approach in order to identify
the relations cause-e�ect that generate speci�c �bres orientation. Such a know-
ledge represents an invaluable asset in order to improve the existing industrial
techniques and machines and properly train the construction workers.
The state of the art of the research on SFRC, focuses nowadays on non destructive
analysis methods. This approach, considered to be the ideal one as it preserves
the internal state of the concrete without any intervention that might in�uence
it, has been developed by several research groups through the use of di�erent
techniques.

The majority though, employed the same approach (even if with slightly dif-
ferent equipment) in order to acquire the data from the SFRC: x-Ray tomography
[39], [43], [47].
Through a computed tomography (CT)/micro-CT scanner, the samples of concrete
are scanned and reconstructed to be later analysed through specialised software.

Among the disclosed analysis techniques, the most recent ones are :

• The �bre skeletonisation approach developed by a collaboration between
the Institute of Cybernetics of Tallinn University of Technology (Estonia)
and the Helsinki University (Finland) [43]. This method is based on recon-
structing each �bre skeleton and determining its orientation value.

• The method presented by the researchers of the Department of Civil Engin-
eering of the University of Burgos (Spain) [47] that employs linear regres-
sion for each �bre in order to extract its orientation data.
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Other approaches have also been developed without the use of x-Ray scan-
ners, for example DC-conductivity based [8], AC-impedance based [31], magnetic
methods [11] and slicing photometry [8], [42].
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2
V I R T UA L R E A L I T Y - T H E D E S I G N A N D B U I L D I N G O F T H E
K Y B 3 V I R T UA L E N V I R O N M E N T

In the previous chapter we introduced VR as a more natural and articulate
way of interacting with the data. A wide amount of scienti�c work revolves on

the correct understanding of multivalued data. Correlations among those values
can often be spotted and then further investigated more easily through human dir-
ect inspection. The human vision system, often able to beat the most advanced
algorithms in the detection of visual patterns and anomalies, grants the scientists
an incredibly fast method to peek into hints that often lead to further research
developments [46].
Visual inspection, as introduced in section Chapter 1 provides the user with a
quick means to narrow down research so as to address speci�c areas or beha-
viours in the data.

This chapter will �rst introduce the reader to the multifaceted aspects of VR
and then descend into the details of the design choices and implementations, both
hardware and software, that lead us to the construction of the Kyb3 VE.

Since its �rst appearance,the study of VR impact is based on the two main con-
cepts that describe how the user is a�ected physically and psychologically by the
surrounding VE: Immersion and Presence.
Immersion is the factor that arises from the physical con�guration of the VR sys-
tem and from its user interface. According to how much the VR scene "wraps" the
user, the systems can be classi�ed as immersive (HMD), semi-immersive (CAVE-
like VEs) or non-immersive (desktop environments).
A more subtle and more di�cult to de�ne factor is the sense of presence that the
system manages to transmit to the user. Currently the subject of several ongoing
researches, presence is generated by a mix of still partly unknown stimulations of
the brain and grants the user the illusion of really being in the VE. The higher the
amount of presence, the more the user will behave and feel in the VE as if being
in a similar real-life situation.
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This has not only been a reason why several researchers are currently employing
VR as a method to treat phobias and other mental dysfunctions, but also one of
the governing factors that motivate our full research. From the naturalness with
which the user can interact with a 3D VR scene, arises several of the bene�ts to
visualization that we depicted in section Chapter 2 [15].

Some years ago, in 2012, VR had not yet entered the spotlight with customers
devices as it happened during the last year. Despite that, a large number of insti-
tutes and companies all over the world already bought or built their own expens-
ive room-sized VE. Most of the European largest car companies such as Mercedes,
VW and BMW already have built, in the last 4-5 years, semi-immersive CAVE-like
systems, employing them both in the design, testing and customer presentation
of their products.
In Germany, the Leibniz Supercomputing Centre (LRZ) and the RWTH Aachen
University already owned two of the largest VE in Europe and were developing
their technology for several years. The European Space Agency (ESA) built its VR
Theater in 2004, while NASA is employing an ever growing variety of room-sized
and personal VR simulators since the appearance of the �rst CAVE system.
The common trait that the above-mentioned institutions have in common is the
large availability of money and space: two among the most critical factors for the
development or acquisition of a large multi-user VE.
Upon my arrival in Estonia nothing had been done yet until that moment in the
country in the �eld of VR, and that o�ered a unique chance.
Being the �rst attempt at VR in Estonia, and having decided that the only way
that could have really started research in that direction was to design and build
the whole system by ourselves at the Institute of Cybernetics, we realized that
we had to begin with small steps. A room-sized CAVE-like system worth several
hundred thousands of Euro was out of the question and would not have made
much sense.
The aim was to conceive a VE that could carry out multiple objectives according
to a number of speci�c needs and constraints.
We therefore decided to design a system that:

• Was budget and space-contained and run exclusively with open source soft-
ware, in order to design an a�ordable and easily accessible visualization
tool.

• Had, on a smaller scale, all the features of a room-size VE: 3D stereoscopic
visualization through projector-mirrors system, multiple screens in a corner-
like setup (i.e. at least 3 screens) and full 6DOF user tracking and interac-
tion.

14



2.1 building the kyb3: projectors and mirrors

• Could be used in multi-users Scienti�c Visualization.

• Was �exible enough to be used in a variety of other applications �elds like
Medicine, Cultural Heritage or Engineering and Design.

The above mentioned choices dictated the whole design process and all the de-
cisions we made, as explained in Publication I.

In order to better understand the nature of the Kyb3 and its peculiar character-
istic, it is necessary to go more into detail through its separate components. This
will grant the reader not only a better understanding of the VE itself, but also
a semi-complete guide on how to design a similar system. We will now narrow
down each of the following subsections onto the components of the Kyb3:

• Projectors, Mirrors (Section 2.1)

• Circular polarization-based 3D Stereoscopic Vision (Section 2.2)

• User tracking (Section 2.3)

• Frame and screens (Section 2.4)

• Software infrastructure (Section 2.5)

2.1 building the kyb3: projectors and mirrors

Ever since the Cruz-Neira CAVE [6], VR researchers realized that using direct pro-
jection to generate the images from the beamers implied too large a waste of
space.
This became even more relevant to the speci�c case of a room-size CAVE-like sys-
tem, where each screen side is usually between 2.5 and 3 meters, whereas a direct
projection would have implied a necessary throw distance of at least 5-6 meters
for each wall, that summed all together and taking into account the 3m� 3m
area of the CAVE would have meant the need for a 15m� 15m room, folding the
projector beam through the use of mirror surfaces halved that space requirement.

In our speci�c case, the space constraint was even tighter, and we had to take
some speci�c measures in order to achieve a large enough projected image while
minimizing the required throw range.

The only viable option o�ered by the market, in order to achieve a large im-
age with a short throw distance, were the so-called Short-throw projectors. The
selection narrowed further because of the requirements described in section 2.2,
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Figure 2.1 – Projectors and mirrors setup in the Kyb3

that forced us to exclude LCD Projectors, whose light is inherently polarized and
would therefore con�ict with the stereoscopic e�ect [36].
A search on the best compromise of quality and price led us to the choice of the
Acer S5201B Digital light processing (DLP) model.
With a 1024� 768 resolution, 3000 ANSI lumen of luminosity, a throw range that
allows to project a 1.3m� 1m image from a distance of approx 0.9 m and an eas-
ily accessible price of approx 700 euro, this model was a perfect �t to our speci�c
needs.

The sum of throw range plus the length of the projector though, was reaching
a total length of approximately 1.5m and that was far too high for us to stick to
our space constraints.
We therefore resorted to the above mentioned mirrors-based system (depicted in
Fig.2.1). For each pair of projectors, a single mirror was set up. With a 100% dis-
tortion free image and an almost perfect re�ectivity, the professional foil-based
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mirrors where the only choice.
Able to preserve the polarization and granting a much higher re�ectivity than
traditional glass-coated ones, these mirrors consist of a thin re�ective foil tensed
on top of an aluminium structure. They are extremely fragile and prone to acci-
dental damage; but represent the only possibility for a �awless projection.
For the projectors to be able to cast such a large image with such a short distance,
their lenses have to be strongly round-shaped, in order to "spread" the image onto
a larger surface. This is the main advantage of short throw projectors, but it gen-
erates additional problems in their setup.
Each slight movement of the projector indeed, be it a translation or a rotation, has
very large repercussions on the cast image; this is easily cause for unwelcome de-
formations of the image.
Additionally, the customers market projectors, di�erent from the professional
ones, often tend to have an imprecise projection beam alignment, i.e. it is not
uncommon that two identical projectors, with the exact same settings and pos-
itioning, generate slightly di�erent images on a surface at exactly the same dis-
tance.
Due to the above mentioned characteristics of the hardware and the Stereoscopy
requirements described in section 2.2, even with the �ne tuning structure we built
(see section 2.4) the precise alignment of each pair of projectors required no less
than 20-30 hours of two people’s work.

2.2 building the kyb3: circular polarization-based 3d stereo-
scopic vision

With its spread on the customer market with 3D movies in the cinemas and 3D
televisions, stereoscopic vision is nowadays a quite well renowned topic.
Di�erently from the projection of a video stream on a single display though, em-
ploying stereoscopy on a multi-screen interactive system has a variety of addi-
tional factors to be taken into account while deciding for the exact techniques to
be used.

The fundamental concept behind 3D visualization is stereoscopy. Based on the
exploitation of the anatomical properties of the human vision system, stereoscopy
provides each eye with a separate 2D image, taken from the same angle and per-
spective from which that eye would be looking at the scene.
This results in two images, only slightly di�erent from each other, but produced
in a reliable approximation of how human eyes process the visual information in
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the real world.
By feeding the brain the two separate images, the stereoscopic device takes ad-
vantage of the binocular vision of the user [34], in which the simultaneous per-
ception and consequent fusion of them during the brain processing result in the
perception called Stereopsis [35], i.e, the perception of depth and 3-dimensional
structures in space.

The two main approaches in stereoscopy are divided into Active and Passive.
First appearing in 1986 [45] the active stereoscopy approach, also called altern-

ate frame sequencing mode, is based on displaying the images by alternating the
one from the left eye and the one from the right eye while simultaneously block-
ing the vision on the eye not in use for a given frame.
This process is usually achieved through Liquid-crystal display (LCD) shutter glasses
that rapidly darkening one of the two eyes at a time, while the projector beams
the alternate images.
A timing device is usually in charge of controlling the synchronization between
the shutters and the refresh rate of the projected image.
In order to produce the alternated images stream �awlessly, so that the user’s
eyes will not perceive any �ickering, projectors and monitors for active stereo
need to perform at at least 120Hz.

Passive stereoscopy on the other hand, uses the evolution of an even older
approach, the red-cyan anaglyph invented by Wilhelm Rollmann in Leipzig, in
1852, to deliver the stereoscopic perception [38].
Whereas the red-cyan is still used nowadays only for a small range of simple
applications, its load-bearing concept fathered the modern passive stereoscopy:
the system displays two superposed images, that represent the left and right eye
separated point of view, and the user is equipped with glasses whose lenses are
able to �lter the visual input, allowing each eye to only perceive the image meant
for it [51].

In the speci�c case of the Kyb3, our chosen �ltering principle is based on cir-
cular polarization [29].
Linear polarization means that each projector is �tted with a polarizing �lter, and
for each couple of projectors light is polarized on a perpendicular direction (i.e.
one of the �lters will be horizontally polarized and one vertically).
The user’s glasses will then have the lenses polarized in corresponding ways, so
that each eye will only see the image intended for it.
Such a linearly polarized setup would be perfectly usable and relatively cheaper
on a wall-like screen or on a setup with only two screens perpendicular to each
other on only one axis. In our speci�c case, given the presence of the table display,
linear polarization would result in a major problem: according to the position of
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Figure 2.2 – The image for the left eye, vertically polarized (red grid lines) would swap with
the one for the right eye, horizontally polarized (green grid lines) in the moment the user
would reach the side of the table

the user around the table screen, in the moment the user would move around the
table, as explained in Fig.2.2 , the images would be �rst partly merged and then
swapped to his eyes. A similar problem would appear in case of the user tilting
their head.

The circularly polarized �lters that we used on the Kyb3 (see Fig.2.3) solves this
problem by giving a rotational polarization to the light waves. Each of the �lters
for each pair of projectors will be applying an opposite rotation direction to the
light (i.e. one clockwise and one counter-clockwise) so that the polarization e�ect
will not be in�uenced any more by the position of the user and the alignment of
their glasses [29].

2.3 building the kyb3: user tracking

The real world vision paradigm implies that accordingly to the view point posi-
tion and rotation, the objects will be perceived according from a di�erent angle,
therefore displaying di�erent sides and features of the visualized objects.
To achieve the same result in a VE, and in order to maintain the correct 3D ste-
reoscopic perspective described in section 2.2, the system needs a way to be con-
stantly aware in real time of the user’s head position and orientation.
Not only that, but also in order to grant a possibility of interaction in the 3D space,
traditional input devices like the mouse would not be su�cient any more.
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Figure 2.3 – Filter support and installed polarizing �lter

The approaches to user tracking are usually divided into two main categories:
optical and electromagnetic [37].
In short, the �rst ones employ a number of cameras to track position and rotation
of one or more set of markers placed on the user and their interaction devices. The
second ones are composed of an emitter of an electromagnetic �eld and a number
of sensors whose position is tracked inside the magnetic �eld.

Although the �rst ones became nowadays, in terms of user appreciation the
most commonly used ones (the user doesn’t have to have any wire impairing his
movement in the system), those systems still tend to be exceptionally expensive.
In order to correctly track the user and the interaction tools in the whole scene,
the tracking device needs to employ an amount of cameras that varies, according
to the system size, between 2 and 8.
Even though 3 would have probably been su�cient to follow the user all around
the Kyb3, each of the cameras usually costs approximately 10.000 euro. That
would have made the device, considering also the need for the interaction wand
and markers, more expensive than the whole Kyb3.

Cheaper optical user tracking solutions, realized for example by employing the
skeleton tracking features of the Kinect-like cameras, were quickly excluded due
to a variety of problems they would pose in our speci�c case [48] [2]. The lack of
rotations information on the skeletal joints (including head), the very tight con-
straints in terms of luminosity of the room, range and view angle and �nally the
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extreme data �ooding of the USB BUS in order to transfer the whole amount of
video and data made us discard it as a choice. The Kinect would have caused a
much higher amount of new problems to solve than what the low price of the
device would have been worth.

The only remaining alternative at that point was for us to decide for electro-
magnetic tracking. Although partly despised because of the need for wires con-
necting the user to the tracker and because of the variety of factors able to distort
the magnetic �eld of the device and therefore the measurements [23], [54], [1],
the electromagnetic trackers o�er a precise and quite reliable 6DOF in a range of
prices several times lower than the optical ones.
After a long survey on the available ones, comparing prices, range of action, num-
ber of sensors and additional features, our choice fell on the VRSpace Wintrack-
erIII (displayed in Fig.2.4(a)). Provided with 3 sensors and e�ectively working in
a range of 0.3m to 1.3m from the emitter, the WintrackerIII comes with an addi-
tional range extender, e�ectively doubling that range if the need arises (both the
minimum and maximum range are extended) .

By using a USB cable and a human interface device (HID) interface, the Wintrack-
erIII o�ers a minimal, almost non existent drivers-free development interface for
software to obtain the 6DOF data. By using the LibUSB libraries we developed a
C++ VRPN [44] server that later on became part of the VRPN main trunk. After that,
the WintrackerIII was usable with the large majority of the VR-related software
thanks to the wide spread of VRPN as device manager for VEs.
The main head tracking sensor is used to determine the perspective of the scene
and its stereoscopic properties. In order to obtain an interaction tool or wand as
they are usually called, we decided to hybridize one of the unused sensors of the
WintrackerIII with the Wiimote, a gaming device produced by Nintendo. Usually
autonomous in motion sensing through the use of an integrate infra-red camera
and an accelerometer, the device native features immediately proved to be too
limited in a system like the Kyb3 . We therefore connected the spare sensor of the
Wintracker to the Wiimote, in order to obtain from the electromagnetic tracker
the 6DOF data, and from the Wiimote the �exibility o�ered by the 11 clickable
buttons.
A few months later, the Wiimote wand was substituted by another gaming device,
the Razer Hydra (shown in Fig. 2.4 ,a). Basically structured as an autonomous
electromagnetic tracker, the Hydra o�ers two 6DOF wands, each endowed with 7
buttons and an analogue controller for additional interaction options.
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Figure 2.4 – (a) Wintracker III (with wiimote wand), (b) Razer Hydra 6DOF controller

2.4 building the kyb3: frame and screens

Among the most in�uential design decisions that we had to take there was the
one related to the "shape" of the screens system and of the whole structure bound
to support it.
As mentioned in the beginning of this chapter, among the requirements we de�ned
for the Kyb3, there was the fact of being multi-screens built, possibly with corner-
like screens setup as real CAVE. This decision derived from a dual need. On one
hand, we needed to create a focusing and space-optimized area of visualization,
�tting scienti�c visualization applications and at the same time presenting an op-
portunity to learn all the construction and con�guration problems related to such
a speci�c setup.

A variety of studies [30], [32], [20] conducted on the psychological bene�ts
of VR environments on the perceptual attention focus of the user, usually tend
to de�ne the user in a span of 190� horizontally and 90� vertically. That implies
that in order to obtain the given amplitudes with a single �at screen without for-
cing the user to be really close to the screen, would require a very wide and high
screen. On a multi-screen VE on the other hand, that can be achieved more easily
with a proper corner shaped disposition of the screens themselves.
Taking into account the previous considerations, we therefore decided to have 3
screens on our VE. After several evaluation tests, also in order to reproduce the
most speci�c features of CAVEs, we chose a corner-like setup, with all the screens
perpendicular to each other (two wall-like and one table-like) .
To produce a single image spanned across multiple displays has a primary re-
quisite: the separate projections of each screen must be joined seamlessly. Even
a small gap of a few millimeters is su�cient to break the stereoscopic e�ect and
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2.4 building the kyb3: frame and screens

Figure 2.5 – 3 Screens support frame details

immediately nullify the immersion feeling of the user.
We therefore designed the frame of the whole system with the screens position-
ing as a �rst constraint. We made it so as to o�er the screens a solid �xed position
and, for the horizontal one, a su�cient supporting surface to avoid bending ef-
fects (depicted in Fig. 2.5).

The choice to use the whole projectors-mirrors paradigm described in 2.1 in
order to reduce the necessary space occupied by the Kyb3 in the room, had a
large in�uence on the design of the frame.
In order for the two projectors to cast their images onto the mirror and from them
having it re�ected back onto the screen so that the two projections superpose with
the highest possible precision, some fundamental features were necessary:

• A support post on which the two projectors could hang upside down and
that allowed the full con�guration (translations and rotations) of each pro-
jector independently from the other.

• The projector supports also needed �exible �xing points on which to attach
the polarizing �lters plates.

• A support structure for the mirror, able to translate horizontally and vertic-
ally and to allow the tilting on the horizontal axis

In order to achieve the above mentioned �exibility, we designed the supports
for the projectors as sliding metal plates supported by rails mounted on vertical
rails (as shown in Fig.2.6). This, together with the particular shape of the plates,
allows millimetre-wise and degree-wise con�gurations and was invaluable to
achieve the �nal alignment result.
In order to achieve the same results with the mirror, and therefore to grant the
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Figure 2.6 – Details on the projectors and mirror mounting posts

system an additional level of �exibility during the setup, we �xed the upper part
of the mirror frame on sliding metal posts, and the lower part to an adjustable
threaded rod (displayed in Fig.2.6).

As mentioned in section 2.3 the material on which the frame had to be built was
an important decision. It implied an investigation on the material properties (heat
resistance, stability and robustness)and was strongly in�uenced by the choice
of the Electromagnetic Tracking System as a tracking method. To minimize the
distortion of the magnetic �eld generated by the tracker emitter [23], [54], [1]
a non metallic material would have been the best choice. Unfortunately, most
of those with an accessible price were too easily subject to deformations due to
heat, or simply not robust enough. The choice became therefore aluminium that,
being a non ferromagnetic metal, was one of the materials with the right physical
properties and still able to minimize the distortion of the electromagnetic �eld.

Once the design of the frame was complete in every single detail, a local Es-
tonian company, Dimentio OÜ built all the separate components, that were then
assembled in approximately 5-6 hours of work.

2.5 building the kyb3: software infrastructure

In order to design an a�ordable system that could also o�er the ideal prototype
on which to learn the whole variety of factors involved in the design of a VE, we
decided that the Kyb3 would have been employing only open source software.

This choice granted us that, throughout the whole process, we would have had
access to each single component of the software infrastructure in order to en-
hance our learning and the �exibility of the whole system.
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2.6 chapter conclusions

The current operating system of the Kyb3 is Linux Debian 7.0 "Wheezy", even
though di�erent releases of Linux "Ubuntu" were successfully tested as well. Com-
pared to the more user-friendly Ubuntu, the Debian release of Linux grants a
higher amount of �exibility and a better decoupling of operative system logics
and interfaces, a fundamental feature for a multi-screen environment.

The �rst step to prepare the Kyb3 after the operative system and the visualiza-
tion devices (graphic cards and projectors) were properly con�gured, was to set
up the communication between the interaction devices described in section 2.3.
As already mentioned, we decided to adopt VRPN [44] as foundation of the inter-
action between tracking devices and the Kyb3. Once we wrote and con�gured the
VRPN server for the WintrackerIII and Razer Hydra, through which the majority
of the software we employ manage their input, we decided for Virtual reality user
interface (VRUI) [25] as development platform of choice.

Compared to another variety of available frameworks that can be used to de-
velop software for VE, VRUI o�ers a set of valuable features that made the choice
an obvious one:

• A very optimized and performing wrapping of the OpenGL libraries

• A smart system to maintain the context data commonly available to all the
display avoiding computationally heavy replication of the data among the
separate screens

• An integrated interaction system that takes care of most of the problems
related to the visualization, allowing developers to focus on the scope of
their software while the surrounding environment is already managed

• An optimal scalability that allows the same software to be run without any
modi�cations on a desktop system, a multi- screen VE or even on a HMD.

2.6 chapter conclusions

In this chapter, we explained in detail how we designed and built the Kyb3 infra-
structure, both in terms of hardware and software. The accurate choice of particu-
lar components and the use of the multiple combined techniques that we applied,
allows the Kyb3 to feature a unique ratio of display surface, occupied space and
costs. By illustrating the full design details and measurements, and thanks to the
use of open source software only, we provide the possibility to reproduce a VE
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Figure 2.7 – Kyb3 basic software infrastructure

of the same kind to any other research institution with needs similar to ours. Ad-
dressing budget and space availability, often the major constraints in the decision
of having a visualization infrastructure it is our aim to promote the di�usion of
such systems.
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3
S T E E L F I B R E R E I N F O R C E D C O N C R E T E C T A U T O M AT E D
A N A LY S I S

In the introduction we presented the complex material that constitutes the
main application �eld of the algorithms and methods developed in this disser-

tation. The core of the software development on the Kyb3 is indeed centered on
SFRC and originates from a speci�c need: non-destructive testing.
Throughout section 1.6 we described brie�y the reasons motivating the import-
ance of the �bre orientation and distribution and in the next chapter we will
explore the process that leads to such a physical con�guration of the steel �bres.
As in many research processes, the analysis of large amounts of data represents a
vital starting point in order to deduce the causes and predict the possible e�ects
of di�erent setups of SFRC.
The concrete itself represents a very physical obstacle to this same analysis: the
�bre are embedded in a solid block of cement and any attempt to extract them
would disrupt their state, therefore invalidating the analysis.

In this chapter we will go in detail through the approach for a non destructive
analysis performed using an x-ray tomography scanner [43] and a self developed
algorithm and software (as described in Publication IV). The analysis process pro-
duces the �bres orientation data used to determine the physical properties of the
material and the appropriate �le formats to visualize such results. Through the
following sections we will describe in detail the acquisition of the data, the �lter-
ing of the radiographies and the extraction of the orientation data.

3.1 data acqisition

The �rst step in order to obtain the datasets consisted in drilling some cylindrical
samples out of speci�c areas (edges and center) of large SFRC �oor slabs (shown
in Fig. 3.1) ( H�W � L: 25cm� 100cm� 500cm) [43].
The slabs were cast with class C30/37 self-compacting concrete and reinforced
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Figure 3.1 – SFRC samples drilled out of the �oor slab

with 50 mm long and 1 mm thick �bres with hooked ends (depicted in Fig.3.3)
made out of steel wire (C4D/C7D steel according to EN 10016-2 standard).
The amount of �bres in the mixture was 80 kg/m3, with an approximate number
of �bre per dm3 of 250.

The cylinders were scanned in the laboratories of Helsinki University (Finland)
through a �CT Nanotom 180 NF supplied by Phoenix Xray Systems + Services
GmbH (Wunstorf,Germany) (depicted in Fig. 3.2).
The scanning process resulted in 360 projection images of 1127� 576 pixels (for
an e�ective pixel width of 128.3 �m). The reconstruction of the tomography was
then performed by an FDK-algorithm-based [10] software supplied by the scanner
manufacturer. Figure 3.4 shows top (a) and side (b) view of the reconstructed
data. Throughout the reconstruction, a beam hardening (attenuation in grey level
contrast due to the loss of correction module was applied in order to equalise the
grey scale values between the central part of the cylinder and its edges. Due to
the absorbing nature of the concrete though, the intensity values from the core of
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