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Abstract

Volume visualization, which is a relativehew branch in scientd visualization, not

only displays surface features of a model, but enables an intuitive presentation of the
internal information of the object. sit comprehensive visualization algorithms
developed in the last decade have brouightthallenges such as complex data
processing, real-time operations, and agpion-specific systerperformances. These

challenges were elaborated in the mamieesearch objectives in the thesis.

By devising a novel volume deformationppline, this thesis managed to explore
volume-model-related operations appliddr complicated applications through
illustrating the feasibility of the designed system that was verified by experimental
results. The contribution of the program@ was demonstrated via testifying the
effectivities of the four system designachcteristics. Firstly, the clustering-based
segmentation methods were adopted bywthiiemetric data proessing module within

the proposed volume deformation system rizanaging the complicated structures
often existing in large volume data se&gcondly, a novel mesionstruction method
was formulated in terms of optimizing the control lattices for the following
deformation process. Thirdly, the volume deformation approach devised in the
research has taken advantages of paameterization process of the entire
shape-change process. Finally, the GRded parallel poess architecture was
utilized to accelerate the calculation ofGaian sampling in the lattice construction
process; the progressive locations ofiei@oved points in the simplification scheme;

and the integration of kinetienergy for determining the deformation behaviours.
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Chapter 1 Introduction

Chapter 1 Introduction

In contrast to the “pure” mathematicgtudies carried out by a small group of elite
mathematicians in the 19th century, the so-called applied mathematics had been
enjoying great success and public atmmtisince the turn othe 20th century
(Gluchoff, 2005). One of the main contrtimns to this phenomenon is the increased
integration of the theoretical and abstractheaatical concepts with other scientific
disciplines, such as physics, engineeriagpnomics and even biology (Matsuura,
Oharu et al., 2003; Dumas, Druez et al., 2088rnandez, Matecst al., 2009; Britz,
Strutwolf et al., 2011). The breakthroughs those vastly divesified areas were
supported by new mathematical tools and tiesodeveloped in the first half of the

20th century: statists; topology and modern integral theory.

The invention and wider spread of modewmputer technologies since the second
half of the 20th century have further a@rated this trend. For example, stemming
from computer graphics, volume renderihgs been growing into an important
research field in the last two decades (Engel, 2004). Most of the developments of
volume visualization and application tectumes in the 1980s and 90s had focused on
exploring the theoretical and mathematmuridations of the visualization process.
Since the mid-1990s, three leading reskagroups have proposed a series of
improvements for PC-grade and efficiemblume visualization techniques: the
portable visualization clients by the Viduaation and Interactive Systems group in
the University of Stuttgart (Engel, @en et al., 2000); advanced volumetric
modelling methods by the Visual and Iraetive Computing group in the University

of Swansea (Chen and Tucker, 2000), and versatile volume shading designs by the



Chapter 1 Introduction

Scientific Computing and Imaging Institute in the University of Utah (Kniss, Premoze

et al., 2003).

Compared with conventional 3D modatli and visualization techniques, volume
models allow direct or indect access to their internatructures, instead of only
showing their surface features. In Figure allfour snapshots are showing an engine
box. Besides the vivid surfaces, wireframeaddmodel A does not show any internal
information. In contrast, model B is a uate model, which cabe processed into
model C and D respectively to exhibit theeriors via two popwr representation

modes.

Figure 1.1  An engine box represented via different modes. Model A is a surface model. Model B
presents a volume model; model C shows the internal structure through modifying the optical

characters; which model D represents the interiors via the clipping operation.

This visualization technique aims toigahe understanding of multi-dimensional
information and to display it as images. $anto other modellingechniques, it also
suffers from a series of challenging pmls, such as occlusion within models,
random data structures, noisy data, anefacts generated from display mechanisms.
The main objectives of recent researchesewte develop solutions for exploring the
“visibility” of various volumetric struaires (Aykanat, Cambazoglu et al., 2007;
Sakamoto, Kawamura et al.,, 2010). Thisesis deepened ¢hunderstandings by

devising a novel solution of which usetan freely customizehe behaviours of
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volume visualization processa interactive mamiulation. In thisthesis, Chapter 1

starts explaining the volume data sounad earry on a brief introduction of two kinds
of general volume data acquisition meds. After accomplishing the recapitulative
content, the research objectives andrttan contributions from the programme will

be highlighted at the end of this cl@paccompanied by the thesis outline.

1.1  Volume Data Acquisition

In the 1960s, an American theoretigatysicist, Allan M. Cormack, published a
mathematical model for calculating differaates of absorption dbnized radiation
(i.e. X-ray) when crossing through diféat body tissues (Cormack, 1979). Based on
this model, a British engineer, G. Ndounsfield, invented the world’s first
Computerized Tomography (CT) scanner,imaging device that allows 2D or 3D
sectional or volumetric models to be oestructed in order to represent internal
information from the probed subject (Hotiekl, 1979). Due totheir significant
achievements, Cormack and Hounsfieldnamthe Nobel Prize in 1979. Figure 1.2

shows the snapshots @fliced human brain.

Figure 1.2 A CT scan of a human brain

The model proposed by Cormack was basedhe Radon transformation in Integral
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Geometry developed by Johan Radonl®17 and translated tm English in 1986
(Radon, 1986). The Radon tramsh is widely applicabléo tomography, the creation

of an image from the scattering data assted with cross-s#ional scans of an
object. If a function B : T & tdpresents an unknown density, then the Radon
transform represents the scattering dabdained as the outpudf a tomographic
scanner. Hence the inverse of the Radandform can be usew reconstruct the
original density from the scattering datand thus it forms the mathematical

underpinning for tomographic reconstractj also known as image reconstruction.

The Cormack model resolves the inverse Radon Transformation issue through
convolution and inverse projgan. Therefore, once theB : T 4i8) determined, it is
possible to reconstruct the sectional imageshe measured tissue. Techniques like
Magnetic Resonance Imaging (MRI) may @s&ss invasive measuring mechanism,
but its foundation theory is similar tthat for scanned image registering and

reconstruction.

Current CT and MRI scanning processaere normally time-consuming and
uncomfortable for patients, due toethrigid body postures which need to be
maintained throughout the dedicated solusi (Olabarriaga and Smeulders, 2001;
Fluck, Vetter et al., 2011). Ehlatest advancements ingdal processing have seen
fast scanning technologidseing developed and utilizedith varying degrees of
success (Zhou, Matsumoto et, &010; Cho, Cho et al., 2012). However, the scanned
images often suffer from unsatisfactoqgualities (e.g. noisedel) due to their
inherent acquisition mechanisms that can cause great difficulties for image and 3D
reconstruction (Qian, Joshi et al., 2011). Ondhaf motives for this research is to

investigate data filtering (pre-processinggtiniques, prior to attgpts being made to
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improve the performance of the following volume visualization and deformation

approaches.

1.2  Volume Visualization and Deformation

After sampling the volume data in a regudagquence, the inherent information can be
converted into a series of parameteffie following visualization work can be
implemented directly (known as Dae Volume Rendering, or DVR), or
accomplished indirectly by relying on aiso-surface and then “copying” the
polygonal displaying strategy using surfagmdelling techniques (called Indirect
Volume Rendering, or IDVR). In order texplore the various features inside the
volume data, a special Lookup Table (LUT) uslized for the purpose of data
classifying, and to “individualize” them withsaociated values. These values are to be
accumulated together on the image plane so that the inherent information can be

represented via an understandable image.

As a process for manipulating volummodels, volume deformation can be
categorized as both non-physics-based and mpsised (Correa, I8er et al., 2010).
The former techniques were well-known besa of the ability to “freely” deform
volumetric objects. In associated deformatiapplications, there was little or no
regard to the consideration of physiaaalism (ForsbergMooser et al., 2008;
Sugihara, Wyuvill et al., 2010). In contragthysics-based techipies are strictly
governed by the result of utilizing physicadjuations to calculate the external and
internal forces (Nealen, Mér et al., 2006; Bordeman2008). As the line between
these non-physics-based and physics-badefdrmation approaches is becoming
blurred in surface modelling techniques, marel more researchers are trying to use
non-physics-based techniques to produce fhysical effects in volume-based

5
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applications (Correa, Silvest al., 2010). However, mosf them relied heavily on
man-made constraining operations and ddeesassumption-based works, which had
undoubtedly caused many artefacts and @oige outputs during the “real-life”

simulations.

This thesis referred to physics-baseduvaé deformation as a technique whereby
deformation was driven explicitly by apphg forces on the control lattices enclosing
the volume model. In addition, both inertiadanternal forces were considered. This
deformation method aims to describes tHeformation behaviours and exhibit the

internal transformation precisely.

As an important criterion for evaluatingfdemation techniqueghe performance of
interactive operations always influencd®e development of volume deformation
(Yuan, Zhang et al., 2010). The requirement ‘fan-the-fly” mechanisms exists at
every stage of the deformaiti pipeline, such as themspling, transforming and final
displaying stages. In particular, the picgsbased methods rely on complicated
calculations in order to pwide precise deformatiomesults, and consequently
physics-based manipulations of the volumedel will lead to an inconceivably
time-consuming data processing. As a result, the physics-based volume deformation
requires hardware-based acceleration techsigoenaintain a higher interactive rate

during the simulation.

1.3 Research Objectives

It is a common scenario that when aggphg volume-based opations, the involved
complex data sets are often of 10 timesescas compared to the surface-model-only

implementations, which leads to a heavy workload of sampling and rendering
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operations for the host computer. The majevelopment of the computing platform
took place at the turn of the new Milleam empowered by the rapid consumer grade
computer (see Appendix B) evolution (sonreekoned as a revdlan) (Mark, Steven

et al., 2003). As a result of this, complexestific simulation ad visualization tasks
have started moving from expensive woalkisins to Personal Computers (PCs). The
current consumer grade computers capport many complicated graphical and
non-graphical modelling at a near interactive rate through larger memory storage,
broader data bus and faster data accessmhisualization ands applications are

among the first to benefit.

Accompanied by the increasing computing power supplied by the innovative
hardware platforms, volume models atieeir derived manipulations are quickly
coming out of the shadow of the surfac®mdels and becoming one of the main
representation forms for special applicati¢8gengert, 2005; Tatehuk, Shopf et al.,
2008). Although there were still many deages in volume visualization and
application techniques, i.e., in the real-time interaction arena, many research designs
have been focusing on improving the e#ity of the volume-based applications,
enhancing the rendering quality, or dephg the interactions with the volume

models.

In addition to directlyrendering, volume models casupport other processing
methods so that more intrinsic information can be acquired, e.g. clipping methods.
This project created a novel volume defiation mechanism which enabled precise
representations of the deformation bebavs, rapid interao/e operations and
versatile applications. The aim and objectofethis project can be summarized as

follows:
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z To investigate the statd-the-art of volume visalization and deformation
technigues. The evaluation criteria wesemmarized based on the literature
review and used to discuss the prosl @ons of the implemented system. The
system performances were categorizéato three terms: “Flexibility”,
“Efficiency”, and “Accuracy”, of whith the evaluations were respectively
estimated through processing differevtlume data, counting the real-time
performance and tackling customization i@gtiens (Correa, Silver et al., 2010;
Patete, lacono et al., 2012).

z To improve the system performance. Besides the help offered by GPU-based
acceleration designs, the solution also cosegl the dedicated data processing
strategy designed for solving the problerhlarge volume data size (Cates,
Lefohn et al., 2004). By s