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Figure 6.7: Anisotropic Voronoi cells with and with no border (a, b). A point input texture (c) and

a hatch pattern (d) mapped to anisotropic Voronoi cells.

particle-based approach presented in Section 5.4. To create the relaxed sample set, 100

iterations were needed.
Figure 6.9 shows renderings for a slice extracted from the two-point-load dataset

(see Appendix A.1). Using a point as input texture, the resulting image (Figure 6.9b)

is similar to a glyph-based rendering (Figure 6.9a). Using a line as input texture, an
image is created that reveals similar information like LIC textures (Figure 6.9¢).

To show results in the two-manifold domain, we applied our method to several analytic
surfaces (Figure 6.10). In these examples, the metric tensor fields were generated
randomly. We further visualize the formation of endothelia cells of a blood vessel in
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(a) LIC texture (b) Texturized Voronoi cells  (c) Texturized Voronoi cells

Figure 6.8: Two different hatch patterns applied to anisotropic Voronoi cells (b, ¢) and a LIC
texture (a) for comparison.

(a) Glyph rendering (b) Texturized Voronoi cells  (c) Texturized Voronoi cells

Figure 6.9: Glyph rendering of a slice of the two-point-load dataset (a). A point (b) and a hatch
pattern (c) applied to anisotropic Voronoi cells extracted on the same slice.

accordance with the simulation of blood flow in an aneurysm (Figure 6.11). Since
endothelia cells naturally have shapes that are similar to anisotropic Voronoi cells
(Figure 6.12), this is an application that directly benefits from our approach.
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(d) (e) (f)

Figure 6.10: Anisotropic Voronoi diagrams for several analytic surfaces (sphere (a-c) and calypso
(d-f)). The metric tensor fields in these examples were generated randomly. See Figure 5.19 in
Chapter 5 for the timings that were needed for the sample generation. Rendering of these surfaces
performs at interactive rates (= 100 fps).
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Figure 6.11: Visualizations generated via anisotropic Voronoi cell rendering. Voronoi cells were
generated on the basis of a surface vector field that represents the wall shear stress. The input
texture was designed so that it resembles a schematic depiction of the endothelia cells of a blood
vessel (see Figure 6.12 below). The Voronoi cells align with the blood flow.

Figure 6.12: Schematic depiction of endothelia cells motivated by a depiction in the work of Malek
et al. [1999].






Conclusion and Outlook

In this chapter, the thesis concludes with a summary of the major contributions
(Section 7.1), an outlook into possible future work (Section 7.2), and some final remarks
(Section 7.3).

7.1 Summary

The major motivation of this thesis was to develop visualization and analysis methods to
investigate 3D indefinite tensor fields. The major goals that were revealed in Section 1.3
were the development of an undirected visualization concept, the possibility to extract
specific tensor properties on-the-fly and the development of algorithms to generate
anisotropic sample distributions on two-manifold domains. To achieve this, the thesis
presented algorithmic as well as conceptual solutions that build upon ideas from
information visualization, scientific visualization, data analysis and computer graphics.

Categorization and analysis of previous work Besides conceptual and technical
contributions, the thesis also faced the following question: What are the challenges
for the visualization of tensors that are not positive definite? In Chapter 3 and with
the state-of-the-art report [Kratz et al., 2013a], we highlighted the major challenges
for tensors that are not symmetric and positive definite. Moreover, we presented and
classified existing research work.

Visual data exploration In Chapter 4, we presented a concept that adapts the idea
of multiple linked views to stress tensor fields. With the resulting framework, we
presented a tool to visualize and analyze stress tensor fields. By combining a wealth of
visualization methods, we were able to generate new insights into the data. In close
collaboration with domain experts from the field of engineering, we could also generate
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novel, promising hypotheses concerning stress tensor fields. Various discussions with our
cooperation partners led to the impression that the directional information contained
in stress tensors might be very valuable. Although looking at the major eigenvector
field is common in the field of DTI, this is a new finding for stress tensor fields from
engineering. We believe that with the simultaneous depiction of the major and the
minor eigenvector fields of stress tensors from structure simulations, badly designed
construction elements can be identified. As a consequence, a new hypothesis is that
the visualization of directional information might also have the potential to guide an
optimal design of construction elements. Hence, the visualizations that were presented
in this thesis have created new hypotheses about the data. Now, these need more
investigation on the engineering side.

Anisotropic sampling In Chapter 5, we presented two approaches for the generation
of anisotropic sample distributions in 2D domains. Especially with the triangle-based
approach (Section 5.5), we contribute with an algorithm that is easy-to-implement,
time efficient and leads to stable results even if sample sizes vary strongly across the
given domain 2. We demonstrated that such sample distributions guide an optimal
placement of glyphs to improve the quality of fabric textures and to compute anisotropic
Voronoi cells for texturization. Furthermore, the triangle-based approach can be used
in conjunction with slicing, which enables interactive exploration of three-dimensional
tensor fields.

Texturing of anisotropic Voronoi cells In Chapter 6, we introduced a novel visual-
ization algorithm for tensor fields. Once a sample set has been generated with one of
the two methods presented in Chapter 5, the rendering and texturing of anisotropic
Voronoi cells works at interactive frame rates. With this approach, the usage of textures
to encode the six degrees of freedom of a 3D second-order tensor becomes possible.

7.2 Future Work

Despite the contributions that are summarized in Section 7.1, many fundamental
questions and technical problems remain or evolved within the scope of this thesis.

Visual data exploration Although we could create new insights into the data and
were able to reveal interesting structures in stress tensor fields from engineering, feature
definition for (stress) tensors remains an open problem. Compared to scalar, vector
and flow visualization, rarely any feature definitions exist. For example, in most flow
fields, regardless of the application field, the extraction of vortices is of interest. For
tensor fields, there is no comparable structure. This becomes even worse when looking
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at tensor fields in diverse application areas. As long as there is a lack of clear feature
definitions, visual data exploration is a necessity. Here, multiple view visualization
systems can significantly help, because they offer the possibility to combine 2D plots
and diagrams - which users are familiar with - with 3D visualizations and advanced
glyph representations. Hence, they enable the identification of interesting features.
Once new features of interest have been identified, advanced visualization techniques
can be developed specifically for these features.

Texture-based approaches for tensor fields Anisotropic Voronoi cell rendering is
very flexible and can be applied to many more applications than those that were
presented in this work. We believe that the use of textures within the field of tensor
visualization is very powerful. Future work to extend the presented anisotropic Voronoi
cell rendering may include the design of more specific textures and the development of
texture synthesis methods for the visualization of tensor fields.

7.3 Concluding Remarks

The major course of this thesis was to investigate 3D tensor fields through interactive
visual exploration, either by combining a multitude of visualization methods that are
interactively steered and exchanged, by various textures that highlight specific tensor
properties, or via slicing through 3D tensor fields. Keeping in mind the tensor’s six
degrees of freedom and the difficultly to interpret them, interactive methods to explore
indefinite tensor fields are a promising field.






Datasets

The following list introduces the datasets that were used in this thesis.

A.1 Two-Point Load

This dataset resulted from a FEM simulation of a block on which loads in two directions
were applied that cause tensile and compressive stresses. To produce the results that
are presented in this thesis, the data was resampled on a uniform grid with a resolution
of 30 x 30 x 30. Despite this very low resolution, the dataset describes the most typical
characteristics of stress tensor fields and, therefore, is well suited to understand very
basic properties of these fields. We thank Boris Jeremic from the University of California,
Davis, for providing this dataset.

A.2 One-Point Load

This dataset is similar to the two-point load (Section A.1) and also the result of a FEM
simulation. In this case, a load in one direction was applied that causes tensile stresses.
To produce the results that are presented in this thesis, the data was resampled on
a uniform grid with a resolution of 30 x 30 x 30. We thank Boris Jeremic from the
University of California, Davis, for providing this dataset.

A.3 Rotating Neutron Star

This time-dependent dataset resulted from an astrophysical simulation of a rotating
neutron star’s dynamics. Analyzing the evolution of such systems plays a major role for
the understanding of the fundamental processes involved in core collapse supernovae
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and gravitational wave production. The simulation results consist of (complex) scalar-,
vector- and tensor fields. In this work, we focus on the resulting tensor fields. The 3D
data is initially given on a grid with spatially varying resolution (AMR). To produce
the results that are presented in this thesis, the data was resampled on a uniform grid
with a resolution of 128 x 128 x 128 samples.

Note that, due to the high gravitational forces inside the star, only compressive
stresses occur. According to our sign convention (Equation (2.8)) this means that all
stresses are negative. In such a case it is common in the respective application areas to
consider only the absolute value of the stresses. Hence, the principal stresses are ordered
according to their magnitude, i.e., |o1| > |o2| > |o3|. As a consequence, the dataset
reveals positive-definite behavior. We thank Luca Baiotti from the Albert Einstein
Institute (AEI), Potsdam, for providing this dataset.

A.4 Aneurysm

The aneurysm dataset resulted from a blood flow simulation. The images that are
presented in Chapter 5 and in Chapter 6 were computed on the basis of a metric tensor
field. This metric tensor field was generated on the basis of an input surface vector
field (Figure A.1) that represents the wall shear stress. The data is given on the nodes
of a triangulated surface field with 112088 nodes. See Section 5.3.4 for the details how
the metric tensor field is derived. The dataset was provided by Leonid Goubergrits and
Jens Schaller from Charité Berlin.

Figure A.1: Aneurysm dataset. The surface vector field is color-coded according to the magnitude
of the wall shear stress.
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A.5 Cube

This dataset is the result of a FEM simulation of a cube on which loads in two directions
were applied. The magnitude of the implemented loads was 5N in z-direction and
10N in y-direction. Opposite to this local forces, the cube was fixed at exactly three
stationary points. Due to the different directions of load, tension and pressure are
created in this cubic structure. To apply the presented tensor visualization methods to
this dataset, the data was resampled on a uniform grid of size 64 x 64 x 64. We thank
Prof. Dr. Markus Stommel from Saarland University for providing this dataset.

< ——

(b)

Figure A.2: Cube dataset. Color-coding according to the von Mises stress.

A.6 Beam Profile

This dataset is the result of a FEM simulation of a construction element. The material
has the properties of a polymer. We have considered three variants of this simulation,
which are described in the following:

Asymmetric force In this simulation, the force that acts on one side of this material
is a surface tension. On the opposite vertical surface, the element was fixed. Besides an
expected bending in z-direction, the construction element gets twisted by the resulting
torsion forces due to the asymmetric force transmission in this example.

Symmetric forces In this simulation, the force that acts on one side of the element is
a surface tension, too, but it is applied directly in the middle. On the opposite vertical
surface, the element was fixed. Here, only a bending in z-direction occurs due to the
symmetric force transmission in this example.
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Filled with air An alternative simulation used the same forces but parts of the
construction element were modeled to resemble the behavior of air. The data is given
on the nodes of a tetrahedral mesh with 14643 nodes. We thank Marc Schoneich from
Saarland University for providing this dataset.

N

(a) (b)

Figure A.3: Beam profile. Color-coding according to the von Mises stress.

A.7 Shear Specimen

This dataset is the result of a FEM simulation. It shows a part of a construction
element in which shear happens. Similar to the beam profile described in Section A.6,
one vertical side was fixed. On the opposite vertical surface, a surface load was applied.
This type of load most closely corresponds to real experiments in which both sides are
clamped and, hence, are fixed. The geometry has two notches, which are the interesting
parts of this dataset. Here, the generated shear forces can be evaluated. The data is
given on the nodes of a tetrahedral mesh with 20770 nodes. We thank Marc Schoneich
from Saarland University for providing this dataset.

(b)

Figure A.4: Shear specimen. Color-coding according to the von Mises stress.
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