








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.

4
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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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http://www.itk.org/ItkSoftwareGuide.pdf


http://teem.sf.net
http://www.mathworks.com/matlabcentral/fileexchange/24409-hessian-based-frangi-vesselness-filter
http://www.mathworks.com/matlabcentral/fileexchange/24409-hessian-based-frangi-vesselness-filter
http://www.mathworks.com/matlabcentral/fileexchange/24409-hessian-based-frangi-vesselness-filter
http://hdl.handle.net/1926/584
http://hdl.handle.net/1926/584
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