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Figure 1: InNDT’s immersive workspace, where analysis of material data is enabled by the abstract model in miniature (A),
selections and exploded views (B), relationships in a similarity network (C), and comparisons in our 3D histo-book (D).

ABSTRACT

An analysis of large multidimensional volumetric data as gener-
ated by non-destructive testing (NDT) techniques, e.g., X-ray com-
puted tomography (XCT), can hardly be evaluated using standard
2D visualization techniques on desktop monitors. The analysis of
fiber-reinforced polymers (FRPs) is currently a time-consuming and
cognitively demanding task, as FRPs have a complex spatial struc-
ture, consisting of several hundred thousand fibers, each having
more than twenty different extracted features. This paper presents
ImNDT, a novel visualization system, which offers material experts
an immersive exploration of multidimensional secondary data of
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FRPs. Our system is based on a virtual reality (VR) head-mounted
device (HMD) to enable fluid and natural explorations through
embodied navigation, the avoidance of menus, and manual mode
switching. We developed immersive visualization and interaction
methods tailored to the characterization of FRPs, such as a Model
in Miniature, a similarity network, and a histo-book. An evalua-
tion of our techniques with domain experts showed advantages in
discovering structural patterns and similarities. Especially novices
can strongly benefit from our intuitive representation and spatial
rendering.
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1 INTRODUCTION

In the field of materials science extensive investigations are essen-
tial to ensure the increasing demands on materials and components
in industrial applications. For these highly complex and cognitively
demanding tasks visualization systems are crucial. Application ar-
eas such as the automotive, aeronautics, medicine, but also leisure
industries rely on fiber-reinforced polymers (FRPs), which are char-
acterized by a very high strength-to-weight ratio [36]. In addition
to the basic elements such as fibers and the matrix/fillers, FRPs also
contain production-induced features such as pores, inclusions, or
voids. The entirety of these features determines the properties and,
finally, the application scenario of the respective material system.
The goal is to develop new materials tailored to respective require-
ments by analyzing and understanding complex materials, and thus
staying ahead in the competition [21, 22].

Non-destructive testing (NDT) provides the possibility to acquire
data through various imaging techniques that are essential for mate-
rial characterization, quality control, and metrology [24]. Advanced
imaging techniques such as X-ray computed tomography (XCT) are
currently being used to precisely examine fiber composite materials,
that must not or cannot be damaged during the examination. In ad-
dition to 2D images, the generated NDT testing data includes large
volumetric models (i.e., primary data) and high-dimensional data
based on the individual characteristics derived from them (i.e., sec-
ondary data; in the case of fibers derived characteristics such as
length, diameter, start/endpoint, fiber volume etc.) 1, 3, 47]. Often,
such complex dataset ensembles cannot be thoroughly evaluated
on conventional desktop monitors using standard 2D visualization
techniques, or only to a limited extent [34, Chapter 1]. The material
experts need to understand the spatial arrangement of the volume
to better comprehend the overall structure of the fibers present,
the distribution of the fibers throughout the volume, as well as the
individual characteristics of the fibers. The number of fibers plays
an important role in this context as typical samples contain from a
few thousands to hundreds of thousands of fibers, each with more
than twenty different extracted characteristics.

In order to render the high-dimensional data spaces of secondary
NDT data in a comprehensible way as well as to reflect on and un-
derstand the inherent spatial structure of these highly complex,
heterogeneous material systems, novel techniques in immersive
analytics (IA) are required. Many recent studies have shown the
positive effects of IA on a wide range of applications [6, 34]. Lever-
aging immersive data analysis techniques using technologies such
as virtual reality (VR) resulted in higher levels of engagement [15],
accuracy [29], and more intuitive navigation [48]. That allows users
new perspectives, which were previously impossible through con-
ventional 2D desktop applications [41, 49] and, enables better orien-
tation and memorability capabilities [30], as well as novel immersive
visualization and interaction techniques [33, 46]. By exploiting the
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3D space to analyze high-dimensional datasets, using the environ-
ment as an immersive workspace [14], and by applying metaphors
based on real-world structures [25], a new form of material analysis
can be developed that goes beyond conventional visual analytics
approaches. Specifically our main contributions are:

e ImNDT, a novel approach for the immersive exploration
of secondary NDT data as generated from FRPs using VR
head-mounted displays (HMD).

e Novel visual metaphors and interaction techniques tailored
to the interactive analysis of secondary NDT data of ad-
vanced composites, which were developed in close collabo-
ration with material specialists.

e A qualitative case study with domain experts and novices
analyzing FRP data, in order to evaluate both usability and
potential of the framework for exploring multidimensional
fiber datasets.

2 RELATED WORK

Most of the related work in the domain of IA for multidimensional
data is found in frameworks for information visualization, which
display multidimensional datasets via three-dimensional bar charts,
scatter plots, polar plots, parallel coordinate charts, and other tech-
niques. Systems, that augment inherently spatial structures with
corresponding multidimensional information, are far less common
[34, Chapter 2]. In materials science, the visual analysis applica-
tions we found, primarily rely on 2D charts and offer little to no
exploration in the rendering of three-dimensional volumes. The in-
dustrial applications that use immersive analysis are mainly related
to training simulations and assembly instructions [50]. Currently,
there are very few IA applications that aid experts in their material
characterization and inspection processes.

2.1 Visual Analytics

Traditional visual analysis approaches are the most common form
of material characterisation and provide accurate results that allow
analysts to interpret multidimensional fiber data.

Open source system like Paraview [28], Quanfima [40], and
open_iA [18] enable users to visually analyse and process volu-
metric datasets. For this purpose, statistical calculations may be
performed and displayed using different 2D charts. The current
workflow is primarily designed for numerical evaluations and the
actual 3D volume is usually displayed in a small view for orien-
tation. Proprietary applications such as VGSTUDIO MAX from
Volume Graphics [45] or Avizo from Thermo Fisher Scientific [43]
are examples of tools that are mainly used by experts, especially
in the domain of FRP data analysis. These systems also provide a
reduced 3D representation of the volume, and focus on several 2D
sectional views and calculated numerical values from secondary
NDT data.

2.2 Immersive Analytics

Research in IA created many new opportunities for data visual-
ization and analysis. Some of these new approaches, like spatially
situated data visualisation and immersive interaction techniques,
are discussed in recent surveys [13, 16]. The research presented in
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these papers focuses primarily on the immersive analysis of multi-
dimensional data, especially from volumetric objects.

The earlier attempts to explore the effects of immersive visual-
ization on volumetric data were performed with the CAVE Auto-
matic Virtual Environment (CAVE) system [10]. Schulze-Débold
et al. [39] showed the usability of the COVISE system on human
X-ray computed tomography (CT) data. A study by Laha et al. [32]
used micro CT datasets and found a number of positive effects from
the immersive analysis, especially regarding the search of visually
and spatially complex features. Both applications offer only basic
navigation methods, clipping planes, and adjustments to transfer
functions. Furthermore, CAVEs can only be used in a stationary set-
ting and are more difficult to utilize due to their size and high costs.
Another study by Laha et al. [31], tested the effects on task perfor-
mance based on interactions used with CT datasets. The results
show that 3D interaction techniques lead to an improvement over
standard 2D techniques when manipulating volumes. The work of
Jackson et al. [26] deals with the effects of 3D interactions in the
analysis of fiber structures. They use a cylindrical, tangible object
to filter the orientation of the fibers and visualize the dataset on
a 3D TV display. The results show a more effective and engaged
interaction with the volume through a spatial interface. A recent
study by Wang et al. [46] deals with natural interactions through
hand gestures in an immersive environment. The goal is to create a
"What You See is What You Get" (WYSIWYG) pipeline, in which
fluid interactions can be used to control the optical properties of
the volume. The interactions used in these applications focus only
on the volume but do not offer the possibility to interact with ad-
ditional secondary data. Drouhard et al. [12] address the virtual
representation of data from materials science by using an HMD
to explore large crystal structures modeled with Blender [17]. Al-
though the system provides a good overview of the data, it does
not offer the possibility to utilize the immersive space or to display
additional information about the structure. FiberClay by Hurter et
al. [23] enables the visualization of multidimensional data of com-
plex 3D aircraft trajectories and fiber tracks from diffusion tensor
imaging (DTI) of the human brain in a virtual environment. These
large, inherently spatial datasets can be explored interactively by
enhancing the data with abstract information. Through tailored
3D interactions, like bi-manual selection with a ray and modifica-
tion of the data mapping through motion, the geometries and data
properties of the trajectories can be analyzed. A qualitative user
feedback, revealed that the immersive environment together with
the user’s ability to change perspective, helps to discover patterns
that would otherwise be difficult to perceive. For complex volumes,
as fiber datasets, the used representation is not sufficient due to the
low visual quality of the HMDs.

The majority of IA applications do not use volumetric, but mul-
tidimensional datasets without inherent spatial structure. These
systems often obtain their spatial component by placing the data
relative to each other in the three-dimensional workspace. An exam-
ple of an application that uses the relative position in space for the
analysis of multivariate abstract data is ImAxes by Cordeil et al. [9].
The individual attributes are displayed on a single axis in the form
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of a histogram. By grabbing and placing this axis in the virtual envi-
ronment in different layouts, 3D charts like scatterplots, scatterplot
matrices, or parallel coordinate plots are created using a specific
grammar. The type and layout of the visualization widgets (2D,
2.5D, and 3D) are more flexible than in traditional WIMP (Windows,
Icons, Menus, and Pointers) interfaces and enable a highly fluid in-
teraction through the embodied axis metaphor. A strong engaging
effect, a flat learning curve, and the overall positive influence on
the exploration was confirmed in a follow-up study by Batch et
al. [2]. Since ImAxes only works with abstract multivariate data,
this system cannot be applied to spatial high-dimensional fiber
datasets. The Immersive Analytics Toolkit (IATK) by Cordeil et
al. [8] is another application, which visualizes multivariate abstract
data in a virtual environment. In this framework based on Unity
[44], with an editor the user can create different information visu-
alization widgets such as scatter plots, line plots, bar charts, and
combinations of them. The possible database refers to abstract data
without spatial information and the settings have to be configured
in the 2D desktop environment. Since IATK requires switching
back and forth between the desktop application and the immersive
environment, which would disturb the material scientists in their
exploration, and is merely capable to visualize multivariate data,
this framework is inadequate to use for the analysis of FRPs. Hayat-
pur et al. [20] showed the exploration of multivariate abstract data
in an immersive workspace. The data can be filtered and arranged
according to the user’s preference in the environment. This allows
the user to spatially layout their own workflow and see it reduced
in size on one’s own wrist. In this application, the coordinates of
the geographic data are not used for the arrangement in space and
only the positions set by the user have meaning, which is why the
fiber datasets cannot be visualized with this system.

Current approaches focus heavily on two-dimensional graphs
or extensions of these graphs to 3D, which primarily represent
numerical values. Less focus is directed at extending spatial rep-
resentation with abstract information in immersive environments.
To our knowledge, we present the first research in the field of im-
mersive visualization and interaction of multidimensional NDT
data.

3 ImNDT: DESIGN AND DESCRIPTION

In this section, we describe the relevant system design (see Figure 1)
as well as the visualization and interaction techniques developed
with the following considerations in mind.

3.1 Design Considerations

In order to support an intuitive immersive exploration of the high-
dimensional spatial data, several design considerations were identi-
fied using the Where-What-Who-Why-How framework as presented
by Marriott et al. [34, Chapter 9]. The considerations are described
in more detail in the following paragraphs and are summarized in
Table 1.

To facilitate the exploration of arbitrary high-dimensional spatial
data, the system must be able to handle both small and large datasets.
Therefore, the environment and the visualization methods have to
be be chosen carefully to allow for smooth and interactive use and
rendering (D1). In three-dimensional workspaces, the utilization
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of standard WIMP techniques does not work efficiently. Therefore,
we avoid 2D GUI components, such as menus or billboards, to
provide a natural interaction via controller actions. To increase
immersion and the feeling of presence, we switch automatically
between different modes based on the specific situation and the
displayed visualization (D2). Since an important part of the analysis
of FRPs is to find new hypotheses regarding fiber characteristics,
as well as to verify or falsify existing ones, it is essential to offer
the user different visualization techniques to highlight important
aspects of the data (D3). In order to avoid the interruption of this
discovery process by switching between 2D and 3D representations,
three-dimensional representations are preferred (D4). Embodied
interaction offers many advantages in immersive analysis. However,
since the typical work environment takes place in a seated position,
the navigation in the data needs to be easy to perform from this
posture (D5). To support prolonged use of the application and to
achieve an engaging effect, respective tools have to be simple and
easy to use. The visualization and interaction techniques developed
should be available any time and displayed within arm’s reach
(D6). To focus on the exploration of the fiber dataset and to keep
the complexity low, only one primary representation is used at a
time. The user therefore mainly interacts with the fiber dataset and
a supporting tool without covering the environment with extra
visualizations (D7).

Table 1: Design Considerations used for the visualization
and interaction techniques

D1 Allow for Scalability

D2 Avoid control components and manual mode switching
D3  Offer Versatility

D4 Avoid unjustified 2D representations

D5 Facilitate office work

D6 Provide Ready-to-use tools

D7 Limit to the essentials

3.2 Preprocessing

ImNDT targets secondary NDT data in the form of a *.csv file, which
is extracted from XCT scans of FRPs. The fiber characterization
pipeline for creating the secondary data is based on the FiberScout
module by Weissenbdock et al. [47], which is available as a module
of the open_iA software [18]. Our tool uses the secondary NDT
data to visualize the fibers through a model-based surface represen-
tation. As models cylinders are used, which support finding specific
patterns more easily than in cluttered voxel based representations.
In addition they also reduce the GPU power required to ensure
a smooth exploration. The cylinders are rendered at the specific
positions with respective lengths and diameters as stored in the
dataset. This 3D representation will be called throughout the paper
as fiber model (FM).

3.3 Visualization and Interactions Techniques

The goal of InNDT is to create an immersive workspace, in which
a natural exploration of fiber datasets can take place and users can
leverage their own spatial cognition skills. The spatial immersion is
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intended to raise the user’s interest even without prior hypotheses,
thus making it possible to gain knowledge from their own curios-
ity [34, Chapter 1][6]. In InNDT, the user starts in a large virtual
workspace with the fiber model (FM) prominently placed in the
center of the otherwise empty environment (D7). The background
of the environment is depicted with a color gradient, which tran-
sitions from black to white at the approximate horizon. This was
chosen during development in response to user feedback, since we
found out that a pure white or black environment was perceived
as too bright or oppressive. We also discovered that environments
without a horizon left the user with the feeling of floating while
working. The user can navigate through the environment by em-
bodied interaction and view the FM from different distances and
angles. To facilitate the daily work of the experts in the office, a
seated navigation is possible. Controller gestures enable the user
to zoom in and out of the data, and move themselves or the FM in
the workspace (D5).

In order to allow for an exploration of specific regions in the
dataset, the FM is subdivided using an octree structure. This itera-
tive subdivision into eight equally sized subregions provides the
ability to analyze specific regions of interest in detail. The regions
are subdivided into smaller subregions as long as one of the eight
resulting subregions still contains fibers. In a pre-processing step,
the percentage of fiber coverage of each fiber contained in every
region is calculated. The fiber coverage is calculated from the ratio
of the length of each fiber in the respective region to its total length.
Fibers lying completely in one region receive one hundred percent
coverage, while the coverages of fibers lying only partially inside a
region are reduced accordingly. For this purpose, an intersection
calculation is performed for each fiber (using start and end points)
against each octree region. The individual fiber coverage is then
used in subsequent visualization and interaction techniques.

3.3.1 Model in Miniature. As an overview and for intuitive navi-
gation in the full FM the Model in Miniature (MiM) was developed
to support a menu-less interaction (D2). It is an abstract represen-
tation of the displayed FM. It mimics the octree division of the
FM and is able to display additional information about the regions.
To be quickly at hand, it is placed above the user’s controller as a
scaled-down version of the FM (see Figure 1 (A) and Figure 2). The
underlying idea of the MiM is based on the well-known World in
Miniature (WIM) metaphor [27, Chapter 28] [4, 7, 35, 42]. In InNDT
we do not use a scaled down copy of the whole world, instead we
create only one component that serves as an abstract miniature
model. The MiM is therefore the downscaled octree representation
of the complete data, which is leveraged as a visualization and in-
teraction technique. This way the user gets an immediate overview
of the octree subdivision for navigation and further exploration.
The MiM acts as a hand-held visualization (D6), which follows
the movements of the controller and is directly linked to the FM to
provide an overview. This is particularly useful, when users zoom
in and out of the FM and are immersed in it during exploration
to determine their own position and orientation relative to the
fiber data. The orientation of the MiM is directly linked to the FM
and therefore reflects the user’s current point of view on the FM
respectively.
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Additionally, the MiM provides the possibility to display sec-
ondary information of the fiber data based on the octree regions.
In case of fiber data, this could be information on fiber counts,
orientation, length, etc. To facilitate the exploration of the multi-
dimensional properties of the fiber data, the regions of the MiM,
i.e., cubes, are color coded. With the spatial position of the regions
in the FM represented by the color-coded cubes in the MiM, the
abstract representation becomes a 3D heatmap (D4). The MiM
supports the user in guiding the exploration by an overview of
interesting regions, that can be found in the FM (e.g., regions of
strongly varying orientations). A divergent color scheme, that is
robust and easy to distinguish, was used in the encoding. This
colorblind-safe design was chosen using the ColorBrewer tool by
Harrower and Brewer [19]. The resulting color transfer function
maps the weighted average, of each individual region, to the respec-
tive cube in the MiM. The weighted average, is calculated across
all fibers and their characteristics for each region, weighted with
the fiber’s coverage percentage.

Figure 2: The MiM (A) is displayed as a colored 3D heatmap
above the user’s controller (B), with a color legend (C). In the
center of the immersive workspace, the FM (D) is displayed,
divided into regions by the octree structure. In the direction
of the user’s gaze, a MIP (E) is displayed.

The MiM is also used as a spatial filtering tool. Interactions
such as selecting single or multiple octree regions in the MiM
provides the ability for a more detailed analysis. The selected re-
gions are marked in both the FM and abstract model, and fibers
going through these selected regions are highlighted in red (Fig-
ure 1 (B) and Figure 3). Fibers from unselected regions are rendered
semi-transparently to convey the spatial context of the selection. A
selection is also possible directly in the FM, since both the FM and
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the MiM are linked. The current octree level, indicating to which
degree the FM is subdivided, is also communicated between the two
representations. Changing the octree level, i.e., the level of subdivi-
sion for the whole FM is adjusted by touch input on the controller.
Depending on whether the user increases or decreases the octree
level, the currently displayed regions are divided into eight children
or merged together. This allows the user to investigate fibers within
the whole FM or in a very small region. The spatial representation
as well as the calculation of the MiM’s included 3D heatmap react
to the interaction and update to the new subdivision. By changing
the octree level, patterns that were hidden in the previous levels of
the FM or 3D heatmap can be revealed.

3.3.2  Maximum Intensity Projection. To get a quick view of the
highest values in the 3D heatmap even with a large number of
regions, a Maximum Intensity Projection (MIP) is displayed to the
user (see Figure 2 (E)) (D3). Based on the user’s current viewing
direction, axis-aligned parallel rays are sent through the FM and
its regions, each storing the weighted average of the currently
examined fiber characteristic. Only the highest average value, i.e.,
the maximum value, of all regions along a ray, is selected. Only one
MIP plane, the one in the user’s viewing direction (D2), is displayed
at a time. The rays sent along the respective direction, i.e., the X-
axis, Y-axis, or Z-axis, display the highest calculated value, as a
2D projection behind the FM. Here, a 2D representation allows for
faster and easier interpretation than 3D alternatives, although the
projection reduces the amount of information (D4). The projection
plane contains the same number of rows and columns as formed by
the octree subdivision. With the MIP, values inside can be estimated
without having to look inside the MiM and without requiring an
additional interaction (D6).

Feafure: Phi(°)

Figure 3: The user selects specific regions of interest in
the MiM to investigate the individual fibers highlighted
in red. Fibers in unselected regions are displayed semi-
transparently to preserve spatial context.



VRST ’21, December 8-10, 2021, Osaka, Japan

3.3.3 Exploded View. Since outer regions in the MiM hide inner
ones and fibers on the outside of the FM occlude the fibers in the
inside, we use an exploded view to provide an unobstructed view
of the inside. This technique is used for illustrative visualisations
in many domains [5, 37, 38], where the structure or spatial con-
text should be preserved, but the object of interest is occluded.
For fiber-reinforced polymers, which can consist of more than a
hundred thousand fibers, other approaches such as cutaways are
typically not applicable because important contextual information
and local relationships are lost. By using the exploded view, spe-
cific regions with their fibers can be detached by displacement from
neighbouring regions and thus a view inside is facilitated to explore
the interior without destroying the spatial context (see Figure 1
(A)). In our application there are several displacement methods for
the exploded view (D3), which are applied to both the MiM and the
FM due to the linking of these representations (see Figure 1 (B)).
All three displacement types simultaneously move all regions with
their fibers outward, away from the center of the FM. The structure
preserving displacement increases the distance to the center and the
regions, but the relative distances between the regions remain the
same. All regions are shifted by their individual distance from the
center, relative to the largest existing distance, thus preserving the
overall structure of the FM. Another shift is the radial displacement.
Here, all regions are displaced by the same factor, regardless of their
distance from the center of the FM. All regions are therefore shifted
outwards from the FM center, resulting in a radial arrangement
of the regions. This changes the structure of the FM slightly, but
offers the possibility of exposing a spherical space of which the
inner structure can be better viewed. The octant displacement shifts
the regions to the nearest octant out of eight possible octants. The
center of the FM is the origin of the three-dimensional Euclidean
coordinate system, which forms eight octants through the three
axial planes X, Y, and Z. By moving the regions from the center of
the FM outward the structure remains well preserved. All of these
displacements can be used together to provide a type of hybrid dis-
placement. The combination of displacements is used to decompose
the FM and its abstract representation in a step-by-step process. It
is possible to apply or undo all displacements and tear regions apart
or merge them, giving domain experts the opportunity to analyze
the structure and relationships of the regions.

Since in the FM fibers are displaced along with the regions they
pass through, the result of the displacement of the fibers depends
on the regions to which a fiber is assigned to. The assignment
of a fiber is based on the coverage percentage of each region the
fiber passes through. One possible assignment is to displace the
fiber with each region in which it has a coverage. For instance, if a
fiber is equally located in two different regions, the displacement is
performed halfin each direction. The other method provides a better
separation of the regions, since it displaces the fibers only with the
region in which they have the highest fiber coverage. Both methods
create a form of clustering through the displacement, which divides
the fibers into regions based on their coverages, making certain
structures or patterns visible.

3.3.4 Similarity Network. Another way to discover patterns or
structures in the data is by examining regions consisting of many
fibers, or regions through which the same fibers are passing, i.e.,

Alexander Gall, et al.

regions that have fibers in common. Experts can change the FM to
an abstracted representation (D3), in which the fibers are hidden
(D7). Subregions are represented by cubes, where the size and
color encode the number of fibers within the region and give a
quick overview of the quantitative distribution of the fibers. Links
display by thickness and color how many fibers the regions have
in common, i.e., the similarity from one region to every other. By
following the links between regions of high similarity, experts
can more easily detect specific fiber orientations and by looking
at the size of the cubes, identify regions where many fibers are
located (see Figure 1 (C) and Figure 4). We use both size and color
for the encoding to compensate for perspective distortions. The
similarity between regions is calculated by a Jaccard index and
can be thresholded by the user to highlight more similar or more
dissimilar regions.

Figure 4: The FM represented as a similarity network: Re-
gions are represented as cubes, which encode the number of
fibers by size and color. The thickness and color of the lines
indicate the degree of similarity between regions.

3.3.5 Histo-Book. Once interesting regions have been discovered
through the similarity network, the expert can analyze them in
more detail. The user can select up to two regions to examine
and compare the distribution of their fiber characteristics. As a
result, a histogram is calculated based on each fiber characteristic
of the two regions and rendered in charts that are organized using
a book metaphor. To provide domain experts with a familiar visual
representation of histograms that is applicable in virtual environ-
ments, we designed the histo-book (see Figure 1 (D) and Figure 5).
In the more distant half of a semi-transparent circular area, the
charts are arranged and displayed like the sheets of a book. This
results in an open book metaphor, in which each page represents
the distribution of a specific fiber characteristic. The expert can
switch between the charts, i.e., pages, by a page-turning gesture.
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The design was chosen to allow natural exploration that does not
interfere with the immersive experience caused by 2D billboards.
Furthermore, the natural page-turning gesture provides an intuitive
interaction that allows for a low learning curve. To avoid distrac-
tions by too many charts, only one chart of interest is in focus and
highlighted (D7). The remaining pages of the histo-book are ren-
dered semi-transparently to preserve overview and context and to
reduce occlusions of the environment. Since the maxima and min-
ima can be quickly distinguished by displaying the characteristic
distributions of both regions using bars, this visualization method
is well suited for quickly verifying hypotheses.

Figure 5: By selecting two regions in the MiM, the histo-book
in the shape of an open book is displayed. The individual
pages represent charts showing the distribution of a specific
fiber characteristic.

4 USER STUDY

The goal of InNDT is to provide users with immersive exploration
tools that enable them to gain expected and, more importantly,
unexpected insights for their work in the field of materials analysis.
Our evaluation therefore aimed at getting realistic insights into the
usability of the framework and how users can utilize the proposed
visualization and interaction techniques. In order to test the usabil-
ity in a real work scenario, our preference was primarily to invite
domain experts for the study. The study was performed following
all ethical and sanitary guidelines required at the time of execution.
The vision of all participants was normal or corrected to normal to
ensure that the results were not biased. The study consisted of an
introduction to ImNDT, the exploration in the application, and a
semi-structured interview. Our study took place with a desktop PC
with an Intel 17-4770 and an NVIDIA GTX 1080, and an HTC Vive
Pro Eye.

4.1 Participants

We recruited eleven participants (six female and five male users)
aged between 25-56. All participants work in the field of materi-
als science and use applications for the evaluation of XCT scans.
Among the participants, six are domain experts in the field of FRP
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analysis, and five novices. Nine of the participants have not used a
VR application prior to this study.

4.2 Tasks & Datasets

A polypropylene (PP) matrix material reinforced with glass fibers
was chosen as the dataset for the studies. The first dataset contained
19126 glass fibers and the second one 49618 fibers. Both datasets
contain fibers attributed with 25 different characteristics. Since
all participants had experience with the analysis of fiber datasets,
an exploration task was specified in order to avoid restricting the
workflow of the experts.

4.3 Procedure

For each participant the same process steps were followed in the
study. In the first step, we started with an introduction to the ap-
plication. We explained to the participants in approximately 15
minutes how to navigate with the controllers, the tools, and the
possible actions in InNDT. For the demonstration, the first dataset
was always preloaded before the introduction began. Afterwards
the participants were shown how to set up the HMD correctly and
then the second dataset was loaded.

The participants afterwards had an average of 25 minutes to ex-
plore the virtual environment. During this time, they could use the
application both sitting and standing, and in case of questions about
the controls, the users could ask them. To get qualitative insights
into the analysis process, we asked participants to use the "Think-
ing Aloud" approach during testing. They were asked to articulate,
which actions they are currently planning and which conclusions
they draw from what they have tried. Afterwards a semi-structured
interview was prepared. The participants were asked open-ended
questions about the underlying functions and metaphors within
the system. The semi-structured interview lasted 25 minutes per
participant and provided valuable feedback from the domain ex-
perts. After the semi-structured interview the participants were
given a Likert Scale questionnaire (see Table 2).

5 RESULTS & DISCUSSION

Overall, participants liked InNDT’s new form of material explo-
ration and found that it supported them very well in analyzing the
spatial XCT datasets. Through the interview and from the ques-
tionnaire results, important metaphors were identified and the
usefulness of our tools compared to the experts traditional tools
were discovered.

5.1 Evaluation Results

The results of the questionnaire (see Table 2), based on a five point
Likert Scale, reflect the feedback obtained. Each participant an-
swered the twelve questions and the results are presented in Fig-
ure 6. The results of the questionnaire provided us with additional
insights into the importance of certain immersive metaphors and
tools. To evaluate the usefulness of our application, we considered
answers with a score between 4 and 5 as a positive result, score 3
is a neutral result and the other scores indicate room for further
improvement. As can be seen from the scores, the worst ranking (1)
was not assigned. In general, the evaluation shows a very positive
rating of the implemented visualization and interaction techniques.
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Table 2: Questions for the evaluation of the implemented
visualizations.

Model in Miniature (MiM)

The MiM can support in navigating and orienting

Q1 in the environment.

02 The MiM can be used to discover similar/dissimilar
feature distributions in the regions.

03 Setting the octree level supported switching

between overview and a more in-depth view.
Exploded View (EV)

Q4  The EV can improve the usability of the MiM.
Q5  The EV can increase the overview on the FM.
The different displacement modes of the EV can

Q6 support exploration.
Similarity Network
. The presentation of regions as cubes can support
Q the overview of the fiber content.
08 The visualization of the neighbourhood relations

through links can supported the exploration.
Histo-Book

The comparison of two regions through

9 . .

Q the histo-book can support exploration.

Q10 The focus and context visualization as book metaphor
can improve the usability of the histograms.

Overview
The spatial representation can facilitate the

011 )
exploration of fibers.

Q12 The Maximum Intensity Projection can be

a visual support for the exploration.

5.2 Insights

To better reflect, which tools were most useful to the experts, we
further discussed the thematic groups formed by the questionnaire
in the interview.

W Strongly Disagree Disagree Neither Agree or Disagree W Agree [ Strongly Agree

a1 364 636

Q2 455 . 545 |

Q3 455 o 545

Q4 36,4 455 182

Qs 18,2

Q6 9,1 182 63,6 91

Q7 455 45,5 91

Q8 182 636 W82

Q9 182 e g
Q10 9,1 45,5 T 455
Q11 9,1 54,5 364
Q12 9,1 182 45,5 273

0% 20% 40% 60% 80% 100%

Figure 6: Evaluation results of the questionnaire, which was
based on a Likert scale with scores ranging from 1 (strongly
disagree) to 5 (strongly agree).
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5.2.1 MiM. As can be seen by the solely positive reviews for each
question Q1, Q2, Q3 all participants considered the idea of an
abstract, scaled-down FM very beneficial, as they found it intuitive
and easy to use (D2). Furthermore, the participants stated that it
helped them to keep their orientation in the virtual environment
as well as in the 3D data, in particular as it moves with the user
on the controller and thus cannot get lost in the environment (Q1).
They liked the MiM’s idea to display a 3D heatmap of specific
fiber characteristics, because it allowed them to quickly identify
regions of interest without changing the FM (D6, D4) (Q2). We also
gained unexpected insights. For example, one participant reported
that MiM "feels heavy" because it looks like a massive body, and
therefore the controller feels tiring to use for extended periods
of time. Participants noted positively that it was a good decision
not to make the MiM rotatable by controller gestures, since they
used the MiM as a reference to the FM and otherwise would have
lost orientation. The selection of regions was very well perceived
by the experts. Only one of the tested persons had problems with
the selection of regions in the MiM. We suspect this is due to the
selection area on the controller and the nature of the selection
in the abstract model. The virtual point on the controller used
for the selection is further back on the device, which means that
the controller must be moved deep enough into the FM to allow
selection. Users need to keep the left controller, over which the
MiM hovers, stable enough to accurately select a region within the
MiM with the right controller. One participant noted that it would
be beneficial to freeze the MiM in the immersive space during the
selection process and enlarge the MiM, to enable an easier selection
of smaller regions (D7). We also noticed that despite the possibility
to select regions in the FM, users preferred to interact with the
MiM. A disadvantage of the multiselection, which was noticed by
some participants, is that all fibers, regardless of the region, are
highlighted with the same color. One possibility here would be to
apply different colors or even to allow coloring based on a specific
fiber characteristic (D3). By highlighting the most prominent fiber
characteristic, for example, individual values of the fibers can be
identified in addition to the average value of the region.

5.2.2 Exploded View. The participants found the exploded view
very important for understanding the structure of the material.
They also liked the fact that we offer several displacement methods,
as this has a strong impact on the perceived structure (D3). One
participant said "This [the exploded view] gives me a quick way to
analyze the inside of the fiber model". The fact that the displacement
of the FM is reflected in the MiM was also perceived positively
in question Q4, although a too strong displacement can make the
selection in the MiM a little more difficult. The participants also
noted that in combination with the selection highlighting, the clus-
tering effect is strongly visible. One user said "This [displacement
of selected fibers] allows me to observe the fibers very well dur-
ing shifting". Three participants reported that they only used the
structure-preserving displacement and the octant shift, as these
modes best maintained the overall structure of the FM. Therefore,
the radial displacement helps them less, which led to the negative
rating in Q6. All participants agreed that the exploded view tech-
nique is very engaging and effective in VR and a natural way to
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interact with the FM (D6) as can be seen by the very positive rating
in Q5.

5.2.3 Similarity Network. During the interview, we found that the
usefulness strongly depended on the particular knowledge of the
user. Experienced users were able to derive the information about
the number of fibers through selections and the 3D heatmap of the
MiM and usually did not need the network as can be seen by the
rating of question Q7 (D7). Novice FRP users found visualizing the
number of fibers in a region by nodes of varying sizes as useful.
The ability to show relationships between regions was perceived
as supportive and one participant stated "The Jaccard index is very
useful and might be helpful to see in the fiber model representation”
(D3). Therefore, question Q8, was positively received by 9 out of
11 participants.

5.24 Histo-Book. We found that experts in particular found the
histo-book very helpful and rated it most positively in Q9, Q10. In
their daily work, they are trained to make hypotheses using exact
values. Therefore, it was very exciting for the experts to examine
the hypotheses from the histograms directly on the FM (D5, D2),
which resulted in all eleven ratings being positive, with nine of
them giving the highest score in question Q9. The participants
explained that the technique of highlighting the histogram they
were looking at was not necessary, but did not distract from the
analysis. They liked the transparency of the charts that are not
in focus, i.e., remaining book pages, to keep the FM in view (D7)
as seen by the rating of question Q10. Several participants also
mentioned that a manual placement of the histo-book would be
beneficial. One participant even said "I find the MiM on the controller
very helpful, so I could well imagine placing the histogram there as
well" (D6). In general, all participants found the book metaphor
very intuitive and the applied page-turning interaction very natural

(D2).

5.2.5 General Impression. We asked participants about the three-
dimensional exploration of material data in InNDT and how the
immersive techniques influenced their analysis. They had the oppor-
tunity to give us additional feedback or suggestions. In general, the
experts found the exploration of fiber datasets in immersive envi-
ronments using a VR HMD to be helpful and positive. Question Q11
also suggests that experts would want to extend their current work-
flows to immersive environments. Eight participants mentioned the
MIP positively and found the display of the representation behind
the FM in the current viewing direction to be beneficial for gaining
quick insights into the characteristic values. None of the partici-
pants found this interactive visualization distracting. Three experts
argued that they did not need this representation because the inter-
nal values of the MiM could also be viewed via the displacement of
the regions (D7) (Q12). Some participants noted that they would
have preferred a way to rotate the world, because "at the beginning
you don’t have the confidence to move around the fiber model” (D3).
One expert suggested a short tutorial within the VR environment
at the start to familiarize oneself more quickly with the controls in
the immersive environment. We also asked the experts, how they
experienced the immersive exploration and whether they missed
any familiar elements from their traditional workflow. The partici-
pants all agreed that we prepared a very engaging exploration and
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that they were able to work with less 2D charts (D4). However,
they would like to add a coordinates system to better estimate sizes.
They found the approach of subdividing the FM into eight children
(through the octree structure) very helpful and would like to see
this technique used in their conventional workstation-based ap-
plications. According to experts, ImNDT is specifically suited for
curved fibers that cannot be efficiently tracked and analyzed using
2D slice views. The exploration in VR is particularly interesting for
students, beginners and customers who need an intuitive and easy
to perceive visualization.

Overall, the feedback of the experts was very positive. Some
stated that InNDT "is very impressive", "you can fully immerse your-
self'in the world", and that one can get "a very good feeling for the

specimen”.

6 CONCLUSION & FUTURE WORK

We have presented InNDT, a new application for the analysis and
exploration of multidimensional volumetric datasets. Our meth-
ods are being implemented in the open_iA framework [18], and
are available as open source on GitHub [11]. The objective was to
support experts in the field of materials science in their analysis
workflows, which requires intuitive representations to support dif-
ficult cognitive tasks. We demonstrated the applicability of InNDT
to the analysis of FRP datasets from NDT tests through a qualitative
evaluation with domain experts. We also reflected on the gathered
feedback to further improve the workflow in material analysis. Our
tool offers novices a valuable overview and detailed insights into
the structure of the dataset, but for experts more numerical values
need to be displayed. The analysis of the material’s voxel data is
also a valuable extension, which will become more feasible as the
computing power of immersive devices and computers increases.
Because our participants primarily preferred using InNDT in a
standing position, a future study based on this observation would
also be of interest. The techniques described here can be applied to
other domains as well. Our results open up promising new research
opportunities for pores in composites or sponges. The overall posi-
tive feedback is encouraging for the field of immersive analytics of
materials.
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