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Kurzfassung

In sicherheitskritischen Bereichen wie der Aeronautik, aber auch in anderen Sparten wie
der Freizeitindustrie, werden die Weiterentwicklungen entsprechender Produkte mass-
geblich durch die Verbesserung der eingesetzten Werksto e und Materialien geleitet.
Um die Zieleigenschaften dieser neuen Materialien zu analysieren, werden durch bild-
gebende Verfahren wie Rontgencomputertomographie (XCT) Abbildungen der inneren
Strukturen angefertigt, die anschlieyend durch Segmentations- und Quanti zierungsalgo-
rithmen detailiert aufgeschlisselt werden. Der genaue Aufbau der inneren Strukturen ist
fur Materialwissenschaftlerinnen hierbei ausschlaggebend fiir die Charakterisierung von
Werksto en und ein Vergleich mehrerer Materialkandidaten anhand ihrer Charakteristika
somit unumgéanglich fir die Untersuchung verschiedener Herstellungs-, Optimierungsver-
fahren oder Eigenschaftsverhalten.

Derzeit sind Materialwissenschaftlerinnen bei dem Vergleich von mehreren Materia-
lien auf sequentielle Vergleiche angewiesen. Die Verteilungen der einzelnen Attribute
verschiedener Materialsysteme mussen verglichen werden, weshalb diese Aufgabe ty-
pischerweise geistig aufwendig, zeitintensiv und dadurch fehlerbehaftet ist. Diese Arbeit
Zielt darauf ab, Fachexperten bei ihren taglichen Aufgaben in der Analyse groyer Mate-
rialensembledatensétze zu unterstitzen. Wir haben fir diesen Zweck ein komparatives
Visualisierungsrahmenwerk entwickelt, das durch eine Ubersichtsvisualisierung und drei
Detailvisualisierungstechniken ein ganzheitliches Bild tiber Ahnlichkeiten bzw. Unahnlich-
keiten in den Daten liefert. Anhand der Verwendung der Dimensionsreduktionsmethode
Multidimensionale Skalierung werden die individuellen Strukturen zusammengefasst und
in einer tabellen-basierten Visualisierungtechnik, namens Histogramm-Tabelle, dargestellit.
Die Informationen, in welchen Attributen sich die Strukturen am &hnlichsten sind und
ihre genauen Auspragungen, werden mittels statistischer Berechnungen evaluiert, deren
Ergebnisse in einem Saulendiagramm und Kastengra k visualisiert werden. Schlussend-
lich kbnnen auch die linearen Korrelationen zwischen den individuellen Charakteristiken
genauer in einer Korrelationskarte exploriert werden. Wir prasentieren die Nutzbarkeit
dieses Visualisierungssystems anhand von drei konkreten Anwendungsszenarien und
Uberprifen inre Anwendbarkeit mittels einer qualitativen Studie mit 12 Materialexper-
ten. Die aus unserer Arbeit gewonnenen Erkenntnisse reprasentieren einen signi kanten
Schritt im Bereich der komparativen Materialanalyse von hochdimensionalen Daten und
unterstutzen Fachexperten dabei, ihre Arbeit einfacher und e zienter zu gestalten.






Abstract

In safety-critical areas such as aeronautics, but also in other sectors such as the leisure
industry, the advancement of respective products is largely driven by the improvement of
the materials used. In order to analyze the targeted properties of these new materials,
data of the internal structures is generated, using imaging techniques such as X-ray
computed tomography (XCT), which is then analyzed in detail using segmentation
and quanti cation algorithms. For materials scientists, the exact design of the internal
structures is crucial for the characterization of materials and a comparison of several
material candidates based on their characteristics is therefore indispensable for the
investigation of di erent manufacturing and optimization processes or property behavior.

Currently, material scientists are dependent on sequential comparisons when analyzing
several material candidates. Distributions of the individual attributes across the material
systems need to be compared, which is why this task is typically cognitively demanding,
time consuming, and thus error-prone. This work aims to support domain experts in their
daily tasks of analysing large ensembles of material data. For this purpose we developed
a comparative visualization framework that provides a holistic picture of similarities
and dissimilarities in the data by means of an overview visualization and three detailed
visualization techniques. Using the dimension reduction method Multidimensional Scaling,
the individual structures are summarized and rendered in a table-based visualization
technique called Histogram-Table. Information, describing in which attributes the
structures are most similar as well as their exact characteristics, is evaluated by statistical
calculations, the results of which are visualized in a bar chart and box plot. Finally, the
linear correlations between the individual characteristics can be explored in a correlation
map. We present the usability of this visualization system by means of three concrete
usage scenarios and verify its applicability by means of a qualitative study with 12
material experts. The knowledge gained from our work represents a signi cant step in
the eld of comparative material analysis of high-dimensional data and supports experts
in making their work easier and more e cient.
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CHAPTER

Introduction

1.1 Motivation

In industry, the search for improvement in order to produce customized materials and
material systems is ever-increasing. There are numerous reasons for this continuous
ambition: not only cost-e ciency is here the main driving force towards advances within
the eld, but also the need for highly function-oriented, light-weight and safe components
and materials, which are required in application areas such as aerospace, automotive,
defense, and others. To ensure continuous optimization as well as to discover novel
materials, knowledge about the internal structure is crucial [HS17, NKUC20].

A candidate for advanced future materials, which is promising superior properties over
conventional materials and which is applicable in numerous novel applications, is found
in composite materials. Composites are heterogeneous material systems, that typically
consist of a reinforcement material, which is carrying the loads, and a matrix material,
which acts as a glue keeping the reinforcements in place. Due to the heterogeneous nature
of this material system a detailed analysis is essential in order to qualify the material
system for its targeted use. In order to prevent the failure of composites, especially
their inherent structures, such as bers or pores, need to be monitored and evaluated,
e.g., in rst part load tests or during the life cycle of the material. The properties of
these interior structure such as orientation, length, volume etc., provide valuable insights
and allow the expert to draw conclusions about the composites' prospective behaviour.
Currently state of the art visualization tools support domain experts with standard
visualization techniques targeted on datasets of single materials, employing scatterplot
matrices, parallel coordinate plots and other techniques\VAL * 14]. With these graphical
mappings, interesting features and their attributes are explored individually and per
material system, but the users are not provided with any guidance to see the bigger
picture of one dataset including all interesting features and how they compare against
similar datasets of other materials. Furthermore, the datasets describing specimens often

1
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consist of a large quantity of data, usually composed of thousands of features of interest,
each represented by 10s to hundreds of di erent attributes. Comparing and visualizing
more than one dataset, with this compaosition, at a time is not suitable with conventional
visualization systems due to overlapping and visual clutter e ects. We address this issue
in the following chapters of this thesis.

1.2 Aim of Thesis

To support material scientists in understanding, discovering, designing, and optimizing
materials, the overall goal of this work is the development of tailored visualization
techniques, which enable not only the comparison of individual features such as bers or
pores according to their characteristics within an individual dataset, but more importantly

a comparison across several specimens and all interesting feature characteristics at once.
We therefore focused on the implementation of a tool that allows material scientists to
quickly identify similar (or respectively dissimilar) datasets according to their feature
characteristics. The resulting ensemble visualization framework should enable domain
scientists to compare information, previously not possible to compose, by simplifying the
identi cation of patterns in numerical multivariate data ensembles through a table-based
visual analytic approach. In essence and as generalization, we are striving for a visual
comparison of n-dimensional data in ensembles of complex data, in our case as generated
in the quantitative analysis and visualization of "rich" XCT data (spatial data + derived
gquantitative data).

The design of our visualization framework was driven by the following task-specic
questions, which a material engineer might formulate according to the provided data
basis:

Which specimens consists of the same type of objects? - For example, do the
di erent materials consist of the same type of bers, such as very short or very
long bers?

Are there any similar groups of features within or across the datasets? - Are there
individual areas in which the structures are similar, in the case that the materials
to be compared are in general very inhomogeneous?

In which attributes are the objects similar or dissimilar? - For example, are the
similar pores all of the same thickness, or are they all of the same length?

If the elements are similar in one attribute, can the similarity in other attributes
be inferred? - If the bers are very long, do they all have an increased volume?

We developed a visual analysis framework that helps material scientists to get answers to
the questions above. In order to avoid losing focus on our goals regarding the development
of respective visualization techniques, we de ned three general main research questions
that our tool should be able to visualize:
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R1. Which datasets are similar or dissimilar?
R2. In which characteristics are the datasets similar or di erent?

R3. Is there a correlation between certain characteristics?

1.3 Methodological Approach

Based on the de ned research questions, a visual analysis tool was developed that
combines a compact overview with in-depth representations for the complete ensemble
of data. To provide the observer with a concise summary of the complete ensemble a
table-based visualization tool is o ered. Each individual object, such as a ber or a pore,
is represented as a point with a speci c position on a horizontal numerical line. The
dimension reduction method Multidimensional Scaling is used to reduce each element to
a speci ¢ position based on its n-dimensional attributes. Di erent data sets are plotted
one beneath the other. To avoid overlapping of the individual objects, they are grouped
into bins and their quantity within a bin is encoded using a sequential color scheme.
More comprehensive information on the properties of the structures can be inspected
more closely using, statistically calculated, detailed visualizations. A bar chart shows
the similarity of each attribute by calculating the coe cient of variation. A box plot

is provided to explore the exact characteristics of the individual attributes. Finally,

a correlation map is presented to determine potential linear correlations between the
individual attributes. In addition, the detailed visualizations react to the selections made
by the users in the overview visualization and update automatically.

The main contribution of this thesis is the conception and development of a

visual analysis tool for material scientists working on the design of safe and
customized materials.  We support their work using a tool that allows for a comparison
of many di erent materials based on their segmented structures such as bers, pores and
others, as well as their attributes. Our highly abstracted design renders it possible to
compare not only di erent areas of materials, but also samples that have been changed
over time.

1.4 Outline of Thesis

The following chapters are structured as follows: In Chapter 2 we describe the backgrounds
regarding the eld of material science. We brie y explain which topics and goals this area

is concerned with, how the required datasets are generated and how they are structured.
In Chapter 3 we give an overview of research activities in the eld of ensemble visualization.
An ensemble is a collection of related datasets. Material science data can consist of
collections of related datasets, and thus represents one or several ensembles. Knowledge
about general problems and de nitions in ensemble visualization is therefore necessary to
incorporate the latest ndings into the development process. In Chapter 4 various state

of the art works are described, which in uenced the development of our visualization
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framework. Especially systems for the visualization of material datasets and latest works
from the eld of ensemble visualization are described in this section. Chapter 5 describes
our developed visual analysis framework in detail. Here, the used aggregation method
Multidimensional Scaling and further computations are explained in detail. Furthermore,
the developed visualizations and algorithms are introduced. In addition, it is described
with which tools the analysis framework was implemented. Chapter 6 deals with the
discussion of the developed analysis framework and examines possible use cases. For
this purpose, three di erent usage scenarios are presented. During our work we also
conducted a qualitative evaluation in cooperation with 12 material scientists, which is
also described in this chapter. Chapter 7 contains a short summary about the developed
visualization framework. Furthermore, current limitations are discussed on the basis of
the evaluation and possible future extensions and improvements are suggested.



CHAPTER

Material Science Background

The structure of datasets being used in material science are rather complex. Each
one describes several thousands of features of interest, typically bers or pores, for
which tens to hundreds of attributes are computed. Characteristics such as their length,
orientation, diameter, and more describe each feature. This type of data can be de ned as
multivariate numerical data, since this data contains at each point multiple scalar values
that represent simulated or measured quantities. To understand the data, it is often
necessary to consider a large amount of them. In the literature such a data compilation
is called ensemble data. By de nition, ensembles are large data collections containing
a number of individual, but often related datasets with slightly varying characteristics.
In this context individual ensemble datasets are referred to as members or ensemble
members [Sch16].

In recent years, a rapid growth in the generation of ensemble data in various disciplines
can be observedPBJ16, HHB16, Crol18, WHLS19]. This increase may be explained by
the necessity to precisely model and understand real-world phenomena and structures.
Especially in domains, where the generation of simulation data is crucial for understanding
di erent connected phenomena as for example in climate research, large quantities of
ensemble datasets are currently generated. The reason for this rapid increase in respective
ensemble data is motivated by the availability of novel powerful computational techniques.
These give users access to faster computations of simulation runs of respective simulation
models, which are strongly a ected by the chosen prede ned con gurations, such as input
parameters, boundary and initial conditions, as well as phenomenological models. With
the increased accessibility to advanced parallel computing and momentous improvements
in computing power, it is possible to run the models with di erent con gurations to
generate multiple realizations of the same experiment within reasonable time. The
di erent characteristics of the models can then be evaluated and enable a new way to
gain insight into complex phenomenons.
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Although most research in the eld of ensemble visualization is done in the area of climate
research, there are other domains that would bene t from the analysis of ensemble data.
Recent advances in imaging and analysis techniques now also enable the generation of
ensemble data. These novel data generation processes, originating from innovations
in ultrasound or computed tomography, not only reduce scan times, but also generate
images with higher resolutions. The resulting images allow the viewers a more precise
recognition and thus interpretability and understanding of the data. Especially, also
disciplines in natural science as for example the domain of material science bene ts from
investigating their ensemble data [HS17].

2.1 Material Science

Material science involves the subareas of understanding, discovery, design and use of
(new) materials as well as material systemsHS17. The scienti ¢ eld of material science

is thus responsible for understanding material's inner structures, and related thereto the
material's properties and performances. The knowledge about material's characteristics
and abilities allows domain experts the creation of tailored components, ful lling unique
requirements, which have to be preserved to be applicable in the targeted domains. In-
dustries such as agriculture, construction, health care, automotive or aeronautics, depend
on adopting these function-oriented, highly integrated components, that speci cally meet
their needs, since otherwise the improvement of their products and their competitive
advantage would be severely limited.

2.2 Non-destructive Testing

The properties of materials are largely determined by its inner structure. For this reason
a detailed examination is necessary to understand and ensure the qualitative criteria,
which have to be ful lled to enable a safe usage in the target application. Currently,
there is a growing trend to reduce the weight of components, since less weight facilitates
less costs and less energy consumption in manufacturing and beyond. As a result, the
impact of defects in the material's structure becomes more serious, since even small
abnormalities may lead to 100% material failures. Therefore, the recognition of defects
and potential points of failure is becoming increasingly important [WDJ15].

Non-destructive testing is thus highly important to ensure the application-speci c re-
guirements with regards to the material's inner structures. Besides testing methods
based on magnetic, optical or acoustic principles, radiographic examination has gained
in importance in recent years: X-ray computed tomography (XCT) is not restricted to
medical applications anymore, but becomes common practice in material testinggch1§.
The goal of this non-destructive imaging technique is to produce a spatial representation
(i.e., 3D volumetric datasets), which is generated from series of 2D X-ray penetration
images, each of which taken at a di erent perspective typically around a circular scanning
trajectory. To generate images in this examination method, the test object is irradiated
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by a sharply focused X-ray beam. The X-ray beam, which is attenuated by the scanned
specimen, is then recorded by one or more detectors. While in medical CT-applications
the source and the detectors rotate synchronously around the object, in industrial ap-
plications typically the test specimen is rotated, keeping X-ray source and detector at
xed positions. Each detector therefore determines the total absorption along the X-ray
beam. This procedure requires large amounts of data to be stored and processed by the
computer, especially when high resolution images are involved. Afterwards the individual
sectional images are reconstructed to a single nal image, i.e., the 3D reconstructed
data volume. This way it is possible to non-destructively inspect the specimen to detect
cavities, cracks or irregularities in its inner structure [WDJ15, Sch18].

When analyzing volumetric data, data exploration and visualization can become quickly
cumbersome, especially with increasing volume sizes, which is due to the high information
content inside the reconstructed volume data. Therefore, typically additional data pro-
cessing pipelines including segmentation and quanti cation algorithms, e.g., as proposed
by prior papers [SKK* 11, TMG * 10], are applied to the intensity-based volume, such
that further secondary and derived information can be computed and made available in
the form of attributes of speci c features of interest. The resulting multivariate dataset
for every segmented object describes interesting characteristics as length, orientation,
Cartesian coordinates of start and endpoint, diameter, etc.

2.3 Composite Materials

Advanced composite materials such as ber reinforced polymers (FRP) are one type
of material, which gained popularity in recent years, because of its potential abilities
for optimization in terms of sti ness, strength, density and lower cost with improved
sustainability [RPML19]. These properties allow composite materials to be suitable in
various application areas, thus making it a viable alternative over many conventional
materials. Composite materials consist of a base matrix material and various ller
materials. The base matrix material (also referred to as matrix) binds the ller materials,
which contain the reinforcement materials and other application-speci ¢ ller materials.
The reinforcements can be composed of di erent items, as for example sheets of ber
fabrics, particles or individual bers. Figure 2.1 shows the classi cation of composite
materials according to their internal structure.

According to Rajak et al. [RPML19], composites can be classi ed according to their
ber length, with long ber reinforcements referred to as continuous and short ber
reinforcements as discontinuous ber reinforcement composites. Furthermore, bers can
be located unidirectional or bidirectional in the matrix structure of continuous ber
composites. Because of this placement and the respective alignment of bers, this class
of composites takes the loads from the matrix to the bers in an easy and e ective way.
The bers placed in discontinuous ber reinforced components may feature a preferred
direction or they are randomly oriented. For e ective load transfer and to restrict
the growth of cracks, bers used in this class must have su cient length. Mechanical
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Figure 2.1: Rough classi cation of ber reinforced polymers according to their ber
structure, taken from [RPML19].

properties and other structural behavior of composite materials can also be in uenced
by the arrangement and orientation of the bers. For this reason, domain experts are
typically interested in how the bers are distributed with respect to length and orientation
or which ber properties are most prominent in spatial subregions when analyzing such
ber reinforced composite samples. This qualitative and quantitative analysis helps to
predict nal characteristics of the specimens in terms of sti ness, strength, ductility, and
durability [WAL * 14].

Structures emerging in composites during the manufacturing process are pores. Porosity
is a measure for quantifying the void volume in relation to an observation volume in a
material. Porosity is calculated from the sum of the individual pores, which are described
in literature as small cavities. Pores can be divided into di erent classes according to
their size and appearance, in micro-, meso- or macropores. Isolated pores do not in uence
the mechanical properties of the material. However, when they aggregate in specic
regions, they can signi cantly reduce the mechanical characteristics of a component. A
detailed examination of their distribution and size is inevitable to assure the component's
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speci ed properties [KieQ7, CSS14].

2.4 Analysis of Composite Materials

The work ow that is generally performed for the analysis of composite materials and the
visualization techniques used by the experts, is described on the basis of three di ering
state-of-the-art papers.

Chung et al. [CEK™ 19] recently carried out an investigation to describe the material
properties and characteristics of lightweight aggregate concrete and foamed concrete with
the same density levels. In their analysis six di erent specimens, three of each type with
di erent density levels, were compared based on an image analysis. The comparison was
performed by positioning the 8-bit three-dimensional -CT images beside each other and
the similarity was determined on the basis of their voxel intensities between 0 (black)
and 255 (white). To get more detailed insights about the concrete's inner structure, the
distribution of the pore sizes was visualized in a histogram. Thereby, one histogram was
drawn for each type of concrete. For each type, the pore size distributions of the specimens
with di erent density levels were superimposed. For studying the pore size distribution
of air voids in cement-based materials, Chung et al. SR* 20] used 2D and 3D imaging
approaches. Focusing on the examination of the correlation between pore characteristics
and the mechanical properties of the specimens, micro-computed tomography images
were used to describe the inner structure of ve test materials. The pore distributions of
the test specimens were compared using a side by side volume rendering approach, after a
segmentation of the voids has been computed using a watershed algorithm. The pore-size
distributions of the di erent materials were compared using individual histograms for
each specimen. Since the pore-size distributions were measured with di erent approaches,
the varying results were superimposed in histograms. The correlation between parameters
of the pore size distribution and further characteristics were visualized using scatterplots.
Figure 2.2 and Figure 2.3 show visualizations of di erent materials used for exploration
in both the works described above.

In the work presented by Maurer et al. MHPK19] the damage propagation of bre
reinforced polymers was investigated. To get detailed insights about the deformations
coming from di erent forces applied to the materials, four specimens with two types
of ber orientations were tested. Five load steps were performed on each material,
resulting in ve three-dimensional XCT datasets for each specimen. Since a detailed
defect analysis was the aim of this work, their work ow was outlined as follows: First,

a pore segmentation was performed on the XCT images in order to extract individual
pores in the datasets. Then a defect classi cation was applied with respect to interesting
characteristics of the pores. The four datasets were compared by using 3D rendering
of the determined defect classes. Each defect class was assigned a unique color. Then
a manual comparison was carried out by juxtaposition of the renderings of the same
time steps. The number of defects per material and loading force was visualized using a
stacked bar chart. Figure 2.4 and Figure 2.5 show some examples of the visualizations
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Figure 2.2: Visualizations used for the exploration of di erent composites, taken from
[CEK* 19].

used in this study.

In summary, the main goal in the analysis of composites is to investigate di erent material
properties. This is done by examining varying humbers of specimens and sequentially
comparing their inner structures. The main target is therefore comparison. This is
mostly done using juxtaposed basic visualization techniques like simple 3D renderings or
basic charts like scatterplots or line charts. The used visualization techniques, which are
based on basic charts, have to manage several challenges common in comparison tasks,
as stated by Gleicher et al. [GAW' 11]:

1. Data Complexity: In this domain the comparison of very intricate but similar
objects is necessary. The complexity of the observed structures can be described
through:

a) the number of objects the inner structure consists of, i.e., how many bers/pores
have to be visualized
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