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Abstract

Granular materials, such as sand, soil, and powders, are ubiquitous in various fields, including
geotechnical engineering, environmental science, and pharmaceuticals. In recent years, there
has been increasing interest in understanding the properties and behaviour of granular media,
particularly at the microscale. One crucial aspect of granular media is the arrangement and
segregation of particles within the material. This can significantly impact the mechanical and
transport properties of the material and can be influenced by various factors such as particle
size, shape, and composition.

Researchers often use computed tomography (CT) scanning techniques to study the mi-
crostructure of granular media to acquire high-resolution 3D images of the material. However,
manually analyzing and quantifying the microstructure of granular media from these images
can take time and effort.

To address this issue, we developed a visualization tool to assist researchers in visualizing and
quantifying the segmentation [23, 10] and arrangements of granular media from CT-scanned
images. The tool utilizes segmentation results from work [23] and allows users to visualize
and analyze the microstructure in 3D interactively. Additionally, the tool provides various
quantification features, including particle size distribution, particle shape distribution, and
segregation analysis.

The tool has been tested on various granular media, including sand and steel beads, and has
demonstrated the ability to reconstruct the sample to visualize and quantify these materials’
microstructures. This tool will be a valuable resource for researchers studying granular media,
as it provides a fast and user-friendly way to analyze and understand the microstructure of

these materials.
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Chapter 1
Introduction

Visualization is the process of creating and displaying graphical representations of data in
order to understand and analyze it more effectively. It is an important tool for researchers
in a variety of fields, as it allows for the clear and concise representation of complex
information. In recent years, the use of visualization techniques has become increasingly
prevalent in research, as advances in technology have made it possible to create highly

detailed and interactive visualizations.

There are many different approaches to visualization, ranging from simple bar graphs and
pie charts to more complex techniques such as 3D modeling and virtual reality. These
methods can be used to represent a wide variety of data types, including numerical,
categorical, and spatial data. In addition, visualization techniques can be used to explore
and analyze data in real-time, allowing researchers to gain a deeper understanding of the

relationships and patterns within the data.

Overall, visualization is an essential tool for researchers, as it enables them to more effec-
tively understand and analyze complex data sets and make informed decisions based on

their findings.

1.1 Motivation

The development of a visualization tool to assist in the visualization and analysis of granular
media has the potential to greatly impact the field of granular media research. By providing
researchers with a tool that allows for the simultaneous display of multiple perspectives of the
granular media, as well as the ability to quantify the segmentation and arrangements of the
particles, this tool would greatly facilitate the understanding and analysis of these complex

systems.



Furthermore, the inclusion of quantifiable data on the segmentation and arrangements of
the granular material would enable researchers to more accurately and efficiently analyze their
samples, leading to more accurate and reliable results. This, in turn, could lead to more
significant and impactful research in the field of granular media, with potential applications in
fields such as engineering, materials science, and geology.

Overall, the significance of this study lies in the potential for the development of a visual-
ization tool to greatly enhance the understanding and analysis of granular media and facilitate

further research in this field.

1.2 Challenges

Research on granular media analysis involves studying the behaviour and properties of collec-
tions of granular particles. This field poses several challenges that researchers must address to
gain meaningful insights and advance the understanding of granular systems. In this context,

we will discuss some key challenges in analysing granular media. These challenges include:

¢ Providing multiple views of granular media at particle and ensemble levels:
The challenge lies in efficiently visualizing large-scale granular systems while maintaining

a high level of detail and interactive exploration capabilities.

e Computing fabric tensor-related statistics and shape descriptors: Fabric tensor-
related statistics capture the orientation and anisotropy of particles within the granular
media. This challenge involves developing algorithms and methods to calculate fabric
tensors and derive meaningful statistics. Additionally, shape descriptors, such as particle
elongation or aspect ratios, can provide valuable insights into particle morphology and

arrangement.

e Allowing identification and marking of undersegmented particles for further
analysis: Undersegmented particles refer to those not correctly separated or identified
in the segmentation process. It is essential to develop tools and functionalities that allow
users to identify and mark these undersegmented particles for further analysis. This can
involve manual correction techniques or automated algorithms to refine the segmentation

results.

¢ Enabling parallel processing: Granular media simulations and analysis often involve
large datasets and computationally intensive tasks. Parallel processing techniques can

significantly accelerate the processing and analysis of these datasets by distributing the



workload across multiple processors or computing resources. Implementing efficient par-
allel algorithms and frameworks that leverage the available computational resources is

challenging.

These challenges require a combination of algorithmic development, software engineering,
and computational techniques to overcome. Addressing these challenges would enhance the
capabilities of granular media analysis, providing researchers with advanced visualization tools,
quantitative metrics, and efficient processing methods for better understanding and analysis of

granular systems.

1.3 Objectives and Research Questions

The analysis and understanding of granular material is an important area of research with ap-
plications in fields such as engineering, materials science, and geology. However, the complex
nature of granular media, with its numerous individual particles and their intricate arrange-
ments, presents a significant challenge for researchers attempting to study and understand these
systems.

One of the primary challenges in studying granular media is the difficulty in visualizing and
analyzing the arrangements and distributions of the individual particles. Traditional methods
such as microscopy and physical inspection are limited in their ability to provide detailed,
multi-perspective views of the granular material, and may be prone to errors and subjectivity.

As a result, there is a need for effective visualization tools that can assist researchers in
understanding and analyzing the characteristics of granular media. Such tools should be able to
provide multi-perspective views of the material, as well as quantifiable data on the segmentation
and arrangements of the particles. The development of such a tool would greatly aid researchers
in understanding the complex systems present in granular media and facilitate further research
in this field.

In order to address this need, the following research questions will be addressed in this

study:

1. How can a visualization tool be developed to assist in the visualization and analysis of

granular media that has been segmented?

2. What features should be included in the visualization tool in order to enable researchers
to effectively understand and analyze the arrangements and distributions of the granular

material?



3. How can the visualization tool be used to quantify the segmentation and arrangements

of the granular material, and how can this data be effectively presented to researchers?

4. How can the visualization tool be tested and evaluated to ensure its effectiveness and

usefulness for researchers studying granular media?

5. How can undersegmentation in granular media analysis be addressed, and what techniques

can be employed to identify and mark undersegmented particles for further analysis?

6. What impact could the development of this visualization tool have on the field of granular

media research, and how can it be used to facilitate further study in this area?

1.4 Contributions

This thesis makes several significant contributions to the field of granular materials research.

The main contributions are as follows:

1.4.1 Building Visualization and Analysis Tool

i L el VT

MorseGramVis

A Visualization and Analysls Tosl for Segmented Granular Media
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Figure 1.1: The MorseGramVis tool supports multiple features for data analysis and visualiza-
tion. The splash screen shows the different features and serves as an interface for the user to
select a feature.

One of the primary contributions of this thesis is the development of a novel visualization and

analysis tool for studying granular materials as shown in the figure 1.1. It enables researchers to

4



visualize and analyze the microstructure of granular materials in a user-friendly and interactive
3D environment. This tool provides valuable features such as particle size distribution analysis
and segregation analysis. The tool has been successfully tested on various granular media,
including sand and steel beads, demonstrating its accuracy and effectiveness in quantifying the

microstructure of these materials.

1.4.2 Improvement in pyms3d Library

This thesis contributes to improving the pyms3d library [26]. The pyms3d library is used for the
segmentation of granular media. The improvements made in this thesis enhance the library’s
capabilities to handle more extensive and more detailed datasets, allowing researchers to work

with higher-resolution CT-scanned images of granular materials.

1.4.3 MorseGram extensions and performance improvements

Another significant contribution of this thesis is further developing the MorseGram segmen-
tation pipeline [20]. The MorseGram segmentation method is robust for segmenting granular

materials from CT-scanned images.

e This thesis extends the capabilities of the MorseGram segmentation pipeline by enabling
multi-processing, which significantly improves speed and efficiency. By leveraging parallel
computing techniques, the segmentation pipeline can process large datasets more quickly,

allowing for faster analysis and exploration of granular microstructures.

e Fixed the bug which improved the segmented particle mesh reconstruction. The bug was
due to not including all the surface points and as a result, reconstructed mesh was smaller

than actual surface.

e Automatic persistence threshold selection was implemented using the Kneedle library [28]

to determine an optimal threshold for persistence-based topological simplification.
e Undersegmentation detection and added capability to perform multi-level segmentation.

These contributions collectively advance the field of granular materials research by provid-
ing researchers with enhanced tools and methods for visualizing, analyzing, and quantifying
granular microstructures. The developed visualization and analysis tool, the improvements
in the pyms3d library, and the further development of the MorseGram segmentation pipeline
collectively contribute to a more comprehensive and efficient approach to studying granular

materials.



Chapter 2
Literature Review

Visualization tools are software programs that are used to create visualizations of data,
typically in the form of 2D or 3D images. These tools have a long history, with the first

known visualization tool being developed in the 1970s.

Visualization tools are crucial in various fields, including scientific research, data analysis,
and decision-making. They enable the exploration and analysis of complex data by representing
it visually and intuitively. In this literature review, we will discuss some popular visualization

tools along with examples of their applications.

e Tableau [1]: Tableau is a widely used data visualization tool with a user-friendly in-
terface for creating interactive visualizations. It offers various chart types, such as bar
charts, scatter plots, and maps, allowing users to explore and present data from different
perspectives. For example, Tableau has been used in business intelligence to analyze sales

data and identify trends and patterns.

e D3.js [5]: D3.js (Data-Driven Documents) is a JavaScript library that allows the creation
of dynamic and interactive visualizations on the web. It provides a robust set of tools
for manipulating and binding data to visual elements, enabling the creation of custom
visualizations. D3.js has been used in various domains, including data journalism, where

it has been used to create interactive visual stories and data-driven infographics.

e ggplot2 [36]: ggplot2 is an R package for data visualization that follows the Grammar of
Graphics principles. It provides a flexible and layered approach to creating visualizations,
allowing users to customize and modify plots easily. ggplot2 has been widely used in the
statistical community for exploratory data analysis and generating publication-quality

graphics.



e Matplotlib [14]: Matplotlib is a popular Python library for creating static, animated,
and interactive visualizations. It provides various plotting functions and supports various
plot types, including line plots, scatter plots, histograms, and 3D plots. Matplotlib has
been extensively used in the scientific community for data analysis and visualization,

including in physics, biology, and neuroscience.

e ParaView [2]: ParaView is an open-source visualization tool for large-scale scientific
data analysis. It supports parallel computing and distributed memory architectures,
making it suitable for visualizing complex simulations and large datasets. ParaView
has been applied in various scientific domains, including computational fluid dynamics,

climate modelling, and medical imaging.

e Gephi [4]: Gephi is a network visualization tool that explores and analyses graph data. It
provides interactive features for visualizing networks, such as node-link diagrams, matrix
views, and dynamic filtering. Gephi has been used in social network analysis, biological

network analysis, and information visualization.

These examples highlight the diversity of visualization tools available and their applications
across domains. Each tool offers unique features and capabilities, allowing users to gain insights
and make informed decisions based on their data. The choice of a visualization tool depends on

the specific requirements of the data, the desired level of interactivity, and the target audience.

2.1 Overview of granular materials

Granular materials [15] are collections of discrete solid particles, such as sand, soil, powders,
grains, or granules, that exhibit unique behaviours and properties due to their particulate
nature. These materials are encountered in various fields, including geotechnical engineering,
environmental science, pharmaceuticals, food processing, etc.

Several key features characterize granular materials:

1. Particle Interactions: The behaviour of granular materials is primarily governed by the
interactions between individual particles. These interactions can be influenced by particle

size, shape, composition, surface properties, and the presence of interstitial fluids.

2. Discrete Particle Nature: Unlike continuous materials like fluids or solids, granular
materials consist of discrete particles that can move and rearrange. This leads to unique

phenomena such as particle flow, compaction, and segregation.



3. Granular Packing: Granular materials can form various packing arrangements, from
loose and random to densely packed structures. The arrangement of particles significantly
affects the mechanical and transport properties of the material, including its strength,

permeability, and compressibility.

4. Flow and Jamming: Granular materials can flow like fluids under certain conditions,
exhibiting characteristics of both solids and liquids. However, they can also undergo jam-
ming, where particle interactions and geometric constraints lead to a solid-like behaviour

and hinder flow.

5. Segregation: Granular materials often exhibit particle segregation, where particles of
different sizes, shapes, or densities separate from each other due to various mechanisms
such as vibration, shaking, or flowing. Segregation can impact the homogeneity and

stability of granular assemblies.

Understanding the behaviour of granular materials is essential for numerous applications. In
geotechnical engineering, knowledge of granular mechanics is crucial for designing foundations,
slopes, and retaining structures. In pharmaceuticals, powders’ flow and mixing behaviour affect
drug formulation and manufacturing processes. In environmental science, studying granular
media helps analyze pollutants’ transport in soil or porous media’s filtration properties.

Researchers employ various experimental and computational techniques to study granular
materials, including CT scanning, microscopy, numerical simulations, and physical testing.
These approaches aim to investigate granular microstructure, particle-scale interactions, flow
behaviour, compaction, segregation mechanisms, and other properties to develop models and

theories that can describe and predict the behaviour of granular materials.

2.2 Previous studies on granular materials

Granular materials have been extensively studied in various scientific disciplines. Previous
research has contributed to a deeper understanding of their behaviour and properties. Here,

we highlight a few notable studies in the field:

e In geotechnical engineering, Terzaghi and Peck conducted pioneering research on soil
mechanics, including the behaviour of granular soils [34]. Their work laid the foundation
for analyzing the stability and settlement of foundations and the mechanics of earth

structures.



e Jaeger and Nagel investigated granular flow and jamming phenomena through experi-
ments using photoelastic disks [16]. Their work revealed the critical role of particle in-
teractions in granular flow and established a framework for understanding the transition

from flowing to jammed states.

e Cates and Wittmer explored the concept of granular segregation, demonstrating how
size and density differences between particles can lead to self-sorting and stratification in
granular materials [6]. Their research shed light on the mechanisms underlying segregation

and its impact on granular assemblies’ structural and mechanical properties.

These studies represent only a fraction of the extensive research on granular materials.
The collective body of work has contributed to a comprehensive understanding of granular

behaviour, paving the way for advancements in numerous fields and applications.

2.3 Related work on visualization and analysis tools for

granular materials

2.3.1 Visualization of Particle Interactions in Granular Media

The work[19] introduces a two-scale homogenization approach for granular materials to reduce
computational costs and gain insights into discontinuous materials. The main contribution
is a novel 2D visualization tool that supports micro and macro-scale visualization, enabling
practical analysis of particle behaviour. Interactive rose diagrams are developed to represent

dynamic contact networks on the micro-scale in a condensed and efficient manner.

2.3.2 FEM

FEM (Finite Element Method) is a numerical technique for solving engineering problems by
dividing a complex structure into small finite elements. ABAQUS[11] and ANSYS[3] are popular
software packages that implement FEM for analyzing and simulating structural and mechanical
behaviours of materials and systems. These tools provide capabilities for modelling, meshing,
applying boundary conditions, solving equations, and visualizing results, making them widely

used in various industries for design, analysis, and optimization.

2.3.3 DEM

DEM (Discrete Element Method) is a numerical simulation technique used to model and ana-
lyze the behaviour of granular materials, particles, or discontinuous materials. Itasca[l3] is a

software that specializes in implementing the DEM approach. It provides tools for modelling



and simulating the interactions between individual particles, considering their shape, size, and
material properties. Itasca is commonly used in geotechnical engineering, mining, and other

fields where the behaviour of granular materials is of interest.

2.4 Background

Consider a smooth, twice differentiable scalar function f : R®* — R. A point p. € R? is called a
critical point of f if the gradient of f at p. is zero (V f = 0). The critical point p, is called non-
degenerate if its Hessian, which is the matrix of second partial derivatives at p., is non-singular.
A function f is called a Morse function if all its critical points are non-degenerate and have
distinct function values. It is worth noting that any smooth function f can be infinitesimally
perturbed into a Morse function and refer the reader to the books on this topic for further
understanding [7].

In the context of Morse theory, the number of negative eigenvalues of the Hessian corre-
sponds to the Morse index of a critical point. For a three-dimensional function f, critical points
can be classified into four types: minima (index-0), 1-saddles (index-1), 2-saddles (index-2), and
maxima (index-3).

In the discrete case, the concept of Morse theory can be modeled using a piecewise continuous
function. Instead of considering a smooth function over a continuous domain, we work with a
discrete domain where the function is defined over a set of discrete points. The critical points
[8] and their indices can still be identified based on the behavior of the function values at these
points.

By applying Morse theory to the discrete case, we can analyze the topological features and
critical points of a scalar field defined on a discrete grid. This allows us to gain insights into
the connectivity, structure, and behavior of the scalar field, even in cases where the function is
not smooth.

Overall, Morse theory provides a powerful framework for understanding the critical points
and topology of scalar functions, both in the continuous and discrete domains. It enables us to
study the behavior of functions, identify important features, and extract meaningful information

from complex datasets.

2.4.1 Morse-Smale Complex

The Morse-Smale Complex (MSC) is a mathematical construct used in the field of computa-
tional topology to analyze and describe the topological features of scalar fields. It is based on
the Morse theory, which studies the critical points (such as local minima, maxima, and saddle

points) of a scalar function defined on a manifold.

10



The MSC provides a hierarchical decomposition of the domain into regions, each associated
with a different critical point. It captures the connectivity and flow patterns of the scalar field
by considering the gradient vector field and the stable and unstable manifolds associated with
the critical points. These manifolds are defined as the sets of cells where the gradient vector
points towards or away from the critical point, respectively.

The MSC consists of a collection of critical points, separatrices (trajectories connecting pairs
of critical points), and cells that represent regions of the domain bounded by separatrices. The
cells are labeled with the indices of the critical points they contain, indicating the flow behavior
within each region. The MSC is computed from the work [30, 31].

By analyzing the MSC, various topological features of the scalar field can be identified, such
as ridges, valleys, basins, and boundaries between different regions. This information is useful
for understanding the structure, connectivity, and behavior of scalar fields in diverse applica-

tions, including data analysis, image processing, computer graphics, and scientific visualization.

2.4.2 Simplified Saddle Graph

Scientific data is often noisy, manifesting as more critical points. Topological simplification
identifies noisy topological features and removes them in a controlled manner, often as a se-
quence of critical point pair cancellation operations and resulting in a simpler MSC [9, 8]. The
notion of persistence typically directs the simplification.

The segmentation algorithm performs persistence-driven cancellation, which cancels 2-saddle-
maximum pair connected by an arc in the ms complex and reconnects the neighbourhood of
both nodes.

As a result, every cancelled or simplified 2-saddle is connected to 2 maximums forming
a triplet(maximum-(2-)saddle-maximum)—a collection of all triplets form a simplified saddle

graph and an example of such a graph in shown in the figure 2.1.
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Undersegmented Parficle(ic=1990729)

(a) Undersegmented Particle (b) Simplified saddle graph

Figure 2.1: Simplified saddle graph(where pink balls represent 2-saddles). The right figure
illustrates a graph showing a specific pattern, where two subgraphs are connected by an edge.

2.5 Details of Dataset used

e ODO - Oedometric compression ( confined one dimensional compression)

e Chess - Cornell High Energy Synchrotron Source
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Chapter 3

Methodology

3.1 Segmentation algorithm and implementation

Morse theory-based framework [23] is employed to segment 3D X-ray CT images of granular
ensembles and compute their particle arrangement. The framework includes an algorithm for
segmentation, a data structure for storing the segmentation and connectivity network, and
interactive visualizations of topological descriptors. Compared to watershed transform-based
approaches, the Morse theory-based framework achieves higher-quality segmentation and im-
proved accuracy in the connectivity network. It also enables efficient computation of distri-
bution statistics, facilitating a comprehensive understanding of granular ensemble behaviour

across multiple length scales.

3.2 Input data acquisition and preprocessing

Input data acquisition and preprocessing are critical steps in any data analysis workflow. In
this work, the data is obtained from the morsegram segmentation pipeline [20], which generates
several output files: labels.vtp, contacts.vtp, connectivity network.vtp, and maxima centers.vtp.
These files contain important information for further analysis. Here is a brief description of
each file:

e labels.vtp: This file contains the segmented labels or regions of interest from the morseg-

ram segmentation. Each label represents a distinct granular particle in the material.

e contacts.vtp: The contacts file stores information about the contact between particles
in the granular material. It provides data on the location and region of contacts, which

are crucial for understanding particle interactions.
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e connectivity network.vtp: This file contains information about particles connectiv-
ity where each particle is represented as node in the connectivity graph. It provides a
visual and structural representation of particle-particle connectivity within the granular

material.

e maxima centers.vtp: This file contains the positional information (x,y,z) of maxima
critical point associated with individual particles in the granular material. It includes

each particle’s coordinates or spatial data, allowing for spatial analysis and visualization.

These files serve as further analysis and visualization inputs, enabling a detailed exploration

of the granular material’s microstructure and particle interactions.

3.3 MorseGramVis Overview

MorseGram\is
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Figure 3.1: System Design Chart

The tool provides various functionalities for rendering and computation of particle-based

data as shown in the figure 3.1. The key features are as follows:

1. Rendering

¢ Ensemble Visualization: Enables visualization of multiple particles together.

e Single/Multi Particle Visualization: Supports visualization of individual parti-
cles or groups of particles.
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e Contact Area Visualization: Allows visualization of contact regions between

particles.

e Extremum Graph Visualization: Provides visual representation of extremum

graphs.
2. Computation

e Mesh: Includes functionalities for mesh generation and surface reconstruction.

e Data Analysis: Supports various data analysis techniques, such as PCA and shape

descriptors.

e Multi-Level Segmentation: Offers capabilities for segmenting data at multiple

levels.

These features make the tool versatile and suitable for tasks related to particle visualization,

analysis, and segmentation.

3.3.1 Computational aspects of the MorseGramVis

3.3.1.1 Alpha complex based methods

In order to create a 3D visualization of the granular media, it was necessary to compute a
mesh for each segmented particle in the media. This was achieved through the use of library
Visualization ToolKit (VTK) [29] and an illustration is shown in the figure 3.2.

A vtkDelaunay3D filter of the VTK library performs surface reconstruction by constructing
a 3D Delaunay triangulation from a set of input points. The filter generates an unstructured
grid dataset as output, typically as a tetrahedral mesh.

By default, the filter produces a tetrahedral mesh but also supports using an ”alpha” value.
If a non-zero alpha distance is specified, only tetrahedra, triangles, edges, and vertices within
the alpha radius are included in the output. This allows for more control over the resulting
mesh, enabling the generation of combinations of tetrahedra, triangles, lines, and vertices.

Experiments showed that using an alpha value of 3 produced better results. The alpha value
defines the radius within which elements are considered for inclusion in the output. When set
to 3, only tetrahedra within a distance of 3 units from the input points are included. This
choice balances the level of detail in the surface reconstruction while maintaining a smooth and
visually pleasing representation. This filter is configured to skip the lower dimensional cells
like triangles and lines in the final output to avoid edges sticking out from the surface and

triangle strip creation. Finally boundary surface is extracted from the tetrahedral mesh, and
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Figure 3.2: Alpha complex based methods

then smoothing is applied to enhance the visual appearance of the surface. Smoothing helps
to reduce noise and irregularities in the mesh, resulting in a more aesthetically pleasing and
visually coherent representation. The choice of the smoothing algorithm and the number of
smoothing iterations can be tailored to the application’s specific requirements and the desired
surface smoothness level. Care should be taken to avoid over-smoothing, which can lead to

losing essential surface details.

Algorithm 1 Alpha complex based methods

Require: Input point cloud dataset

1. Initialize a VTK point cloud object using the input dataset
Apply the Delaunay 3D triangulation filter (vtkDelaunay3D) to the point cloud
Set the alpha value for the Delaunay filter to control the output geometry
Disable the output of lines and triangle strips to obtain only tetrahedra
Extract the boundary surface using the vtkDataSetSurfaceFilter
Apply a smoothing filter (e.g., vtkSmoothPolyDataFilter) to refine the surface
return smooth surface (collection of triangles)

ANl N
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3.3.1.2 Voxel modelling based methods
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Figure 3.3: Voxel modelling based methods

To illustrate the concept, reader is referred to the figure 3.3. Inspired from the work [22],
this method takes an input point cloud dataset as its input. It starts by creating a voxel grid
from the input point cloud dataset. A voxel grid is a 3D grid where each grid cell represents
a small volume element (voxel). The voxel grid discretizes the space occupied by the point
cloud. Next, each point in the input dataset is replaced with a voxel in the voxel grid. This
step transforms the continuous point cloud into a discrete representation using voxels.

Next, it extracts the boxy surface from the voxel grid. The boxy surface refers to the surface
that encloses the voxels and represents the approximate shape of the original point cloud.

A strategy can be employed to improve the mesh surface obtained from the boxy surface,
where new points are added to the existing surface. These new points are computed as the
centres of each cell of the boxy surface. The boxy surface is initially extracted from the voxel
grid representation of the object. Each cell of the boxy surface corresponds to a voxel in the
grid. By computing the centre of each cell, a new point is generated. Once these new points are
obtained, the next step is to replace each cell of the boxy surface with four triangles. This is
done by creating triangles connecting the newly added point with the vertices of the cell. This
process effectively refines the mesh surface, increasing its resolution and improving the overall
quality. By adding new points and replacing cells with triangles, the mesh surface becomes
more detailed and captures the finer features of the object. This refinement step is crucial for

achieving a smoother and more accurate representation of the underlying surface.
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Finally, the mesh obtained from previous strategy is refined and smoothed using external
tools such as MeshLab. MeshLab provides various smoothing techniques that can be used to

get visually appealing surfaces.

Algorithm 2 Voxel modelling based methods

Require: Input point cloud dataset
1. Create a voxel grid from the input point cloud dataset by replace each point in the dataset
with a voxel in the grid
2. Extract the boxy surface from the voxel grid
3. Add more points(center of quad cell) and replace quad face with triangular cells.
4. Apply smoothing techniques (e.g., using MeshLab) to refine the mesh
5. Apply decimation quadric filter (e.g., using Meshlab) to reduce size of mesh
return smooth surface (collection of triangles)

3.3.1.3 Particle Statistics

In order to facilitate the analysis of granular media, it is important to be able to compute various
particle statistics. These statistics can provide valuable information about the characteristics
of the particles and their arrangements within the media and corresponding interface is shown
in the figure 3.4a.

One example of a particle statistic that can be useful for analysis is the eigenvalues and
eigenvectors of the particles. These quantities describe the shape and orientation of the parti-
cles, and can be used to understand how they fit together within the media.

Another important statistic is the equivalent radius of the particles, which is a measure of
their size. This can be used to understand the distributions of particle sizes within the media
and their potential effects on the overall properties of the system.

In addition to these statistics, it can also be useful to compute the volume of the particles,
as well as an adjacency list that specifies which particles are adjacent to each other. These
statistics can provide valuable information about the arrangements and distributions of the
particles within the media.

To enable data analysis, it is important to store these statistics in a format that is easily
accessible and manipulatable, such as a csv file. This allows researchers to easily import the
data into a spreadsheet or statistical software for further analysis.

Overall, the computation and storage of particle statistics such as eigenvalues, equivalent
radius, volume, and adjacency list can greatly aid in the analysis and understanding of granular

media, enabling researchers to more effectively.
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(a) Particle Statistics Information Win- (b) Cumulative distribution of shape pa-
dow rameters for ODO dataset

Figure 3.4: Particle Shape Descriptors

3.3.1.4 Contact Statistics

In addition to particle statistics, it can also be useful to compute contact statistics for granular
media. These statistics provide information about the interactions between particles and can
be used to understand the behavior and properties of the media.

Some examples of contact statistics that can be computed include the number of quadri-
laterals per contact per particle, eigen values and vectors, and the contact area distribution.
These statistics can provide valuable insights into the forces and interactions within the media
and how they influence the overall behavior of the system.

Like particle statistics, it is important to store contact statistics in a format that is easily
accessible and manipulatable, such as a csv file. This allows researchers to easily import the
data into a spreadsheet or statistical software for further analysis.

Overall, the computation and storage of contact statistics can greatly aid in the analysis and
understanding of granular media, enabling researchers to more effectively study the complex

interactions within these systems.
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3.3.1.5 Multi-level Segmentation

One common problem that can arise in the segmentation of granular media is undersegmenta-
tion, in which individual particles are not properly distinguished and are instead treated as a
single entity. This can make it difficult to accurately analyze and understand the characteristics
of the media.

To overcome the problem of undersegmentation, it is often necessary to use a multi-level
segmentation approach. This involves using multiple levels of segmentation, each with a differ-
ent level of detail, in order to more accurately distinguish individual particles as shown in the
figure 3.5.

For example, a multi-level segmentation approach might involve using a coarse level of
segmentation to identify the general shape and location of the particles, followed by a finer
level of segmentation to distinguish individual particles and their features.

By using a multi-level segmentation approach, it is possible to more accurately and reliably

segment granular media and overcome the problem of undersegmentation.

Undersegmented Particle(id=417211) Mulfi-level Segmentation

AZ/L: o

Figure 3.5: Multi-level Segmentation
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3.3.2 Rendering aspects of the MorseGramVis

3.3.2.1 Ensemble Visualization

In order to facilitate the visualization and analysis of the granular media, the rendering tool
included a feature for ensemble visualization. This feature allowed researchers to view the
granular media as a whole, rather than individual particles, enabling them to more easily
understand the overall arrangements and distributions of the particles as shown in the figure
3.6.

To enhance the realism and detail of the ensemble visualization, the rendering tool also
incorporated ambient occlusion. Ambient occlusion [25] is a shading technique that simulates
the way light is absorbed and scattered by objects in a scene. It creates the illusion of depth and
volume by adding shadows and highlights to the surfaces of the particles, making the ensemble
visualization more visually appealing and easier to interpret.

Overall, the ensemble visualization with ambient occlusion feature of the rendering tool
provided researchers with a powerful tool for understanding and analyzing the granular media,
allowing them to more easily understand the relationships and patterns within the data.
N L T
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Figure 3.6: Ensemble Visualization(enabled ambient occlusion) of Steel Beads Dataset
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Algorithm 3 Construct Ensemble Data

ensembleData <— None {Initialize ensemble data as empty}
for each particle point cloud in the segmentation output do
1. retrieve the particleld from point cloud
2. Read the mesh data from file particleld.vtp
3. Append the mesh data to ensembleData
end for
Write ensembleData to a file (ensemble.vtu) {Unstructured grid data}

3.3.2.2 Single/Multi Particle Visualization

In addition to the ensemble visualization feature, the rendering tool also included a single
particle visualization feature as shown in the figure 3.7a, which allowed researchers to view
individual particles in the granular media along with their neighbors as shown in the figure
3.7b. This feature was particularly useful for studying the arrangements and distributions of
the particles at a more detailed level.

The single particle visualization feature was implemented using a sliding window approach,
in which a user could select a single particle and view a specified number of its neighbors. This
allowed researchers to more easily understand the local arrangements and distributions of the
particles, as well as their relationships to their neighbors.

Overall, the single particle visualization feature provided researchers with a valuable tool for
studying the granular media at a more detailed level, enabling them to more easily understand

the complex relationships and patterns within the data.

T i
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(a) Single Particle View (b) Neighbours View

Figure 3.7: Single/Multi Particle Visualization of Steel Beads Dataset
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3.3.2.3 Extremum Graph Visualization

Extremum graphs are a type of graph that are used in computational topology to represent
the topological structure of a dataset. An example is shown in the figure 3.8. The idea
behind extremum graphs is to represent the topological features of a dataset by connecting
local extrema of the data. These extrema can be maxima, minima, or saddle points, and the
edges of the graph connect pairs of extrema that are in some sense close to each other. The
resulting graph captures the topological structure of the data, and can be used to analyze

features such as connected components, loops, and voids.

i i TR

Figure 3.8: Extremum Graph Visualization of Steel Beads Dataset

3.3.3 Binder Visualization

In binder visualization using volume rendering [17], the goal is to represent the presence of
binder material surrounding a particle visually as shown in the figure 3.9. Here’s a brief expla-
nation of how volume rendering can help achieve this.

Volume rendering is a technique that allows the visualization of volumetric data, such as
3D particle structures and their surroundings. In the case of binder visualization, the binder
material is typically represented as a different density or material from the particles themselves.

Using volume rendering, the binder material can be assigned a specific color or opacity, dis-
tinct from the particles. This enables the visualization of the binder as a surrounding medium,
helping to identify its distribution and penetration within the particle structure.

Different visual effects can be achieved by adjusting the transfer function in the volume

rendering process. For example, increasing the opacity of the binder material can highlight
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regions with a higher concentration of binder, while reducing the opacity can reveal internal

particle structures.

(a) Three particles along with volume ren- (b) volume rendering of scalar field, green

dering of scalar field extracted using booud- sphere represent the point of contact be-

ing box. tween particles and surrounding white space
indicates presence of no binder.

Figure 3.9: Binder Visualization

The volume rendering technique provides a valuable tool for visualizing and analyzing the
presence and distribution of binder material surrounding particles. It aids in gaining insights
into the binder-particle interaction, identifying areas of binder accumulation or depletion, and
assessing the quality of binder distribution within the sample.

By refining the volume rendering settings, researchers and scientists can effectively examine
and evaluate the behaviour and characteristics of the binder material within the particle system,

facilitating further analysis and optimization of binder distribution in various applications.

3.3.4 Isosurface Visualization

An isosurface [18] is a three-dimensional (3D) surface representing a specific value (known as
the isovalue) within a volumetric dataset. An illustration is provided in the figure 3.10. It
is a visualization technique commonly used in scientific and engineering fields to extract and
visualize regions of interest within volumetric data.

Each point in the dataset has an associated value in a volumetric dataset, such as a 3D
scalar field or a medical image. The isosurface represents the set of points where the value
equals the specified isovalue. It forms a continuous surface that separates regions with different
values.

The isosurface visualization within the single/multi-particle visualization tool is helpful for

24



debugging and analyzing particle segmentation and contact regions. Here’s how it can assist in

the debugging process:

e Particle Segmentation: The isosurface allows you to visualize the surface of individual
particles in the 3D space. By adjusting the threshold value of the isosurface, you can
control the boundaries of segmented particles. This helps you visually inspect and verify
the accuracy of the particle segmentation process. You can identify undersegmented or

oversegmented regions, ensuring particles are appropriately separated.

e Contact Regions: The isosurface visualization also helps identify contact regions be-
tween particles. By adjusting the threshold value, you can isolate and visualize the areas
where particles come into contact with each other. This is particularly useful for debug-
ging cases where particles are incorrectly merged or separated, leading to contact regions

that should not exist or missing contact regions that should be present.

(a) Steel Bead Particle (b) Isosurface(isoval=0)

Figure 3.10: Isosurface Visualization

By examining the isosurface visualization, you can more effectively identify and debug po-
tential issues in particle segmentation and contact regions. This visual feedback allows you
to gain insights into the quality of the segmentation process and identify areas that require
improvement. It aids in fine-tuning segmentation parameters and refining the algorithm to

enhance the accuracy of particle segmentation and contact detection.
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3.3.5 Data Analysis

The following data analysis techniques were employed to extract meaningful information from
the dataset:

3.3.5.1 Statistical Analysis of Dataset

Statistical analysis was conducted on the dataset, involving the following aspects:

1.

Principal Component Analysis (PCA) of Point Clouds: PCA was performed on the point
clouds to identify the principal directions of variation and capture the most significant

features of the dataset.

. Analysis of Contact Regions: The contact regions between particles were analyzed to

determine their characteristics, such as size, shape, and distribution. This analysis pro-
vided insights into the contact network and its influence on the behaviour of the granular

material.

. Volume Analysis: The volume occupied by the granular material was computed to quan-

tify its overall size and assess any variations within the dataset.

Dominant Direction of Particles and Contacts: The dominant directions of particles and
their contacts were determined to understand the granular assembly’s preferential orien-

tations and alignment patterns.

3.3.5.2 Particle Shape Descriptors

To characterize the shape of individual particles, the following shape descriptors were computed

and for more details, reader is referred to [37] and an illustration is provided in the figure 3.11
and its distribution is illustrated in the figure 3.4b:

1.

Elongation Index(EI): This index quantifies a particle’s elongation or elongation tendency,

indicating its degree of elongation along a specific direction.

Flatness Index(FI): The flatness index measures the flatness or planarity of a particle,

representing the extent to which it deviates from a perfectly spherical shape.

Sphericity(S): Sphericity measures how closely a particle resembles a sphere. It provides

insights into the roundness or compactness of the particle shape.

Compactness(C): The compactness of a particle indicates how tightly packed its geometry

is, reflecting its density or degree of densification.
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Figure 3.11: Shape descriptors

3.3.5.3 Similar Particle Search Feature

A search algorithm was employed to identify particles with nearly identical shape descriptors.

This analysis aimed to find particles within the dataset that

acteristics, allowing for the identification of particle subsets with comparable properties and

behaviour. An illustration of such interface is shown in the figure 3.12a along with reference

particle is shown in the figure 3.12b.

The analysis involved comparing each particle’s computed shape descriptors, such as elon-
gation index, flatness index, sphericity, and compactness. By applying the k-NN algorithm,
particles with shape descriptors that closely match or are within a specified threshold of simi-
larity were identified. An illustration of the result of this feature is shown in the figure 3.13.

These data analysis techniques provide valuable insights into the properties and behaviour

of the granular material, enabling a comprehensive understanding of its characteristics and

Particle id = 208962
EI=013

Fl =067
\(‘ § =071
C =083

exhibit similar geometric char-

facilitating further investigations in the field of granular materials research.
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Figure 3.12: Similar Particle Search Example

Particle(id=7064) Parficle(id=325812)
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Figure 3.13: Particles similar to reference particle

3.3.6 Undersegemented Particle Detection

undersegmentation occurs when multiple particles are merged or grouped, leading to a loss of
distinction between individual particles.

Various factors, including the complexity of particle shapes, overlapping boundaries, par-
ticle size or composition variations, and noise or artefacts in the image or data, can cause
undersegmentation. It is particularly challenging to achieve accurate segmentation in granular

materials due to particle arrangement’s irregular and non-uniform nature.
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The consequences of undersegmentation can be significant. It can lead to inaccurate mea-
surements of particle properties such as size, shape, and spatial distribution. It can also affect
the analysis of particle interactions, packing density, and other granular material character-
istics. Understanding and addressing undersegmentation is crucial for obtaining reliable and
meaningful results in studying granular materials.

Using metrics such as fabric tensor quantities or shape characteristics to comment on un-
dersegmentation can be challenging due to the complex nature of granular materials. So, there

is a need to explore other methods to address the issue of undersegmentation detection.
3.3.6.1 Graph Neural Networks(GNN)

Inspired by previous research[32], a dimensionless parameter called alpha is introduced to dis-
tinguish between actual contact and neck regions within granular particles. The computation

of alpha is performed as follows:

scalar value of 2-saddle

a=1—— - —
min(adjacent maxima’s scalar value)

this alpha value is calculated for each triplet in the simplified saddle graph.

In this work, a graph neural network (GNN) approach is utilized to detect under-segmented
particles. Two different approaches are employed:

1. Classification Model Trained on Simplified Saddle Graphs: A GNN-based classification
model is trained using simplified saddle graphs. The model learns to distinguish between under-
segmented particles and properly segmented particles based on the computed alpha values.

2. Classification Model Trained on Surface Point Clouds of Particles: Another GNN-based
classification model is trained, but this time using the surface point clouds of particles. The
model learns to identify under-segmented particles by analyzing the geometric properties and
spatial relationships of the surface points.

By leveraging the power of GNNs and utilizing either the simplified saddle graphs or the
surface point clouds, these learning-based approaches aim to effectively detect and classify
under-segmented particles in granular materials. This provides a valuable tool for improving the
accuracy and reliability of particle segmentation and analysis in various applications involving

granular media.

3.4 Technology used

The Visualization and Analysis tool developed was implemented using the Python programming
language [27]. Specifically, the Visualization Toolkit (VTK) [29] library was used for render-

ing the granular media, while PySide6 [35] was used for window handling and user interface
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development.

VTK is a widely-used open-source software library for the visualization of scientific data,
and has a rich set of features for creating high-quality visualizations. It was well-suited for the
development of the rendering tool due to its ability to handle large volumes of data and its
robust rendering capabilities.

PySide6, on the other hand, is a Python binding of the Qt framework, which provides
tools for the development of user interfaces. It was used in the development of the rendering
tool to provide a user-friendly interface for researchers to interact with the tool and view the
visualizations.

MeshLab [24] is an open-source, cross-platform software tool for processing and editing
3D triangular meshes. It provides many features and filters for mesh manipulation, cleaning,
repair, visualization, and analysis. MeshLab supports various mesh file formats and offers a
user-friendly interface for working with meshes.

Pymeshlab [21] is a Python library that provides a programming interface to access and
utilize the functionality of MeshLab. It allows developers to integrate MeshLab’s filters and
operations into their own Python scripts or applications. Some notable filters in MeshLab and

Pymeshlab include:

e Smoothing Filter (e.g., Taubin [33]): This filter applies a smoothing algorithm to the
mesh, reducing noise and refining surface details while preserving important features.

Taubin smoothing is known for its ability to preserve sharp edges and corners.

e Decimation Filter (e.g., Quadric [12]): The decimation filter reduces the number of tri-
angles in the mesh while preserving its overall shape. The Quadric decimation algorithm
simplifies the mesh by collapsing triangles based on geometric error, resulting in a lower-

resolution mesh with fewer polygons.

These libraries were essential in the development of the tool, allowing for the creation of

high-quality visualizations and an intuitive user interface for researchers to use.

3.5 Multiprocessing

Multiprocessing refers to the execution of multiple processes or tasks simultaneously on a com-
puter system that has multiple processors or cores. It allows for parallel execution of tasks,
thereby improving overall performance and efficiency.

During surface reconstruction, multiprocessing can be employed to leverage the computa-

tional power of multiple processors or cores to expedite the processing time. Surface reconstruc-
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tion involves complex calculations and algorithms, which can be time-consuming, especially
when dealing with large datasets or intricate geometries.

The surface reconstruction algorithm can distribute the workload across multiple processors
or cores by multiprocessing, enabling concurrent execution of tasks. Each processor or core
can independently handle some data, performing computations simultaneously. This parallel
processing significantly reduces the overall computation time compared to sequential execution.

The need for multiprocessing during surface reconstruction arises due to the following rea-

sons:

e Handling large datasets: Surface reconstruction of large datasets can be computationally
demanding. With multiprocessing, the dataset can be divided into smaller chunks and
processed concurrently, effectively utilizing the available computational resources and

reducing memory constraints.

e Real-time or interactive applications: It is crucial to obtain results quickly in specific
scenarios, such as interactive visualization or real-time analysis. Multiprocessing enables
faster surface reconstruction, facilitating real-time or near-real-time processing and en-

suring smooth user experiences.

e Utilizing available resources: Many modern computer systems have multiple processors
or cores. Multiprocessing allows efficient utilization of these resources, ensuring that all

available computational power is harnessed to expedite surface reconstruction tasks.

Overall, multiprocessing offers a significant advantage in terms of computational efficiency
and improved performance during surface reconstruction. Parallelizing the computation across
multiple processors or cores enables faster processing of large datasets and facilitates real-time

or interactive applications.
3.6 Performance evaluation
System Details:

e System: Linux

e Release: 5.4.0-149-generic

e Architecture: x86_64

e Processor: x86_64

31



e Python Version: 3.8.10
e Number of cores: 16

e CPU model: Intel(R) Xeon(R) CPU E5-2650 0 @ 2.00GHz

Table 3.1: Performance Evaluation for Surface Reconstruction

Dataset Resolution ~ Number of Particles Time(VTK) (s) Time(Voxel) (s)
ODO Dataset 153x153x324 1814 33.86 808.99
Steel Beads Dataset 181x176x251 1454 26.21 611.44
Chess Dataset 305x3056x721 6988 384.65 5455.23

The table 3.1 presents the performance evaluation results for surface reconstruction using
two different methods: VTK and voxel modelling. The dataset consists of three different
samples: ODO Dataset, Steel Beads Dataset, and Chess Dataset.

The ”Resolution” column indicates the dimensions of the dataset in terms of width, height,
and depth. The ”Number of Particles” column represents each dataset’s total number of par-
ticles.

The following two columns, ”"Time (VTK)” and ”Time (Voxel),” show the time taken for
surface reconstruction using the VI'K method and voxel modelling method, respectively. The
time values are given in seconds.

From the table, we can observe that the VITK method generally performs faster than voxel
modelling for all three datasets. The ODO Dataset has the lowest number of particles and the
shortest reconstruction time for both methods. On the other hand, the Chess Dataset, with
the highest resolution and a more significant number of particles, requires significantly more
time for surface reconstruction using both methods.

Overall, the table compares the computational efficiency of VI'K and voxel modelling tech-
niques for surface reconstruction, showcasing the varying performance based on dataset char-

acteristics.

3.6.1 Comparison between VTK and Voxel Modelling based Surface
Reconstruction

When comparing VTK and voxel modelling-based surface reconstruction methods, one notable

difference is how they handle void spaces within the granular media as shown in the figure 3.14.
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VTK may produce triangles across void spaces, resulting in a surface representation that
does not accurately represent the actual surface of the granular material. This can be problem-
atic when analyzing or visualizing the material, especially in scenarios where void spaces play
a significant role in the overall behaviour or properties of the media.

On the other hand, voxel modelling-based surface reconstruction methods tend to provide
better results in such scenarios. Voxel modelling involves representing the granular media as a
grid of volumetric elements (voxels) and reconstructing the surface based on the occupancy or
presence of particles within each voxel. This approach can better capture the actual surface by
accurately representing the boundaries between the granular material and void spaces.

By utilizing voxel modelling-based surface reconstruction techniques, researchers can obtain
more accurate and reliable surface representations, which can be crucial for analyzing and
understanding the behaviour of granular media, particularly in situations where void spaces are
significant.

It is important to note that both VTK and voxel modelling-based approaches have their
strengths and limitations, and the choice of method should be based on the specific requirements
of the analysis or visualization task at hand.

Below image helps in understanding the above information.

ODO sand dataset Surface reconstruction using VTK Surface reconstruction usin? Voxel Modelling
Parficle (id=148782) # points = 729 # points = 217
Point Cloud #cells = 1454 # cells = 430

Figure 3.14: Surface Reconstruction Comparison
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3.6.2 Limitation:

One limitation of surface reconstruction using VTK is its need for more robustness when dealing
with large point cloud datasets. When the size of the point cloud increases significantly, it may
not terminate within a reasonable time frame for large datasets. As the number of points
increases, the computational complexity of the surface reconstruction algorithm grows, which
can lead to significantly longer processing times.

Alternative surface reconstruction using voxel modelling does well and terminates within a

reasonable time, thus making a preferable choice of surface reconstruction.

3.6.3 Scalability of Surface Reconstruction Methods

One crucial aspect to consider in the context of granular materials is scalability, which refers to
the ability of a method or technique to handle more extensive and complex datasets efficiently.

Regarding scalability in terms of the number of particles, VTK demonstrates good perfor-
mance. [t can handle datasets with many particles without significant degradation in processing
time. This makes it suitable for applications that analyze ensembles or systems with a high
particle count.

However, VT'K’s scalability is limited regarding the particles’ size or the point cloud’s den-
sity. As the size of particles increases, or the point cloud becomes denser, VI'K’s surface recon-
struction may encounter challenges in generating a proper mesh representation. This limitation
can result in incomplete reconstructions and impact the system’s overall performance.

On the other hand, voxel modelling offers scalability in both the number and size of particles.
By representing the space as a grid of voxels, voxel modelling can efficiently handle large datasets
with varying particle sizes. The use of voxels allows for flexible adaptation to different particle
sizes and densities, making voxel modelling a scalable approach for granular material analysis.

With voxel modelling, the computational cost primarily depends on the resolution of the
voxel grid rather than the size or density of individual particles. This enables voxel modelling to
handle small and large particles effectively, making it suitable for analyzing granular materials
with diverse particle characteristics.

Overall, while VTK provides scalability regarding the number of particles, voxel modelling
offers scalability in the number and size of particles. The choice between the two approaches
should consider the application’s specific requirements, including the dataset size, particle char-

acteristics, desired accuracy, and available computational resources.
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Chapter 4
Results and Analysis

This research demonstrates the effectiveness of the developed visualization and data anal-
ysis features in understanding and interpreting the particle segmentation and particle
surface reconstruction process. The visualization features allow users to comprehensively
examine the segmentation results by providing multi-perspective views both at the en-
semble and particle levels. Furthermore, data analysis is crucial in computing metrics,
statistics, and other quantitative measures to gain insights from the segmented data. It
enables researchers and practitioners to explore and understand the data’s characteristics,

properties, and relationships.

Researchers can obtain meaningful quantitative information about the segmented particles
by applying various data analysis techniques, such as calculating particle size distribution,
measuring particle shape parameters, or quantifying spatial arrangements. These metrics
provide valuable insights into the particles’ distribution, variability, and overall charac-

teristics, allowing for a deeper understanding of the system under investigation.

Data exploration through a query engine is another essential aspect of data analysis.
It involves exploring and visualizing the segmented data from different perspectives to
uncover patterns, trends, and outliers. Through interactive visualizations, researchers
can interact with the data, filter and aggregate information, and dynamically explore

different subsets or aspects of the segmented particles.

Additionally, data analysis enables comparing different segmentation results or experimen-
tal conditions. By computing metrics and statistics across multiple datasets or variations,
researchers can identify differences, similarities, or trends, providing valuable information
for optimizing segmentation algorithms or studying the effects of various factors on the

particle segmentation process.

Overall, the results and analysis of this research highlight the significance of visualization
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and data analysis features in gaining a comprehensive understanding of particle segmen-
tation. These capabilities contribute to a comprehensive understanding of the segmented
particles, aid decision-making processes, and drive further research and optimization ef-

forts.

4.1 Overview of datasets used for testing

ODO Dataset(153x153x323) 1.26+02 Point Cloud of a Particle(id=35196, green particle on the left)

Figure 4.1: Labelled ensemble file

In the given figure(left) 4.1, the output of the segmentation process is a collection of 3D
points. Each point represents a voxel or a small volume element/body centre of a voxel in the
3D space. These points are labelled with unique identifiers that signify the membership of each
point to a specific particle.

A particle refers to a distinct object or entity within the 3D space, such as a sand particle or
a specific material. All the points belonging to the same particle are assigned the same unique
identifier. This allows for easy identification and grouping of points that belong to the same
object.

In the figure(left) 4.1, different colours are used to represent different particles. Each colour
corresponds to a unique identifier, indicating separate particles within the scene. When zoomed
in, a specific particle is highlighted in green, which is shown in the figure(right) 4.1.

Using these unique identifiers makes it possible to track and analyze individual particles
within the segmented 3D data. This information is valuable for various purposes, such as
studying particle interactions, measuring particle properties, or performing further analysis

and simulations on specific particles of interest.
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4.2 Visualization results
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Figure 4.2: Ensemble View of ODO dataset
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(b) Neighbours View

Figure 4.3: Single/Multi Particle Visualization of ODO dataset




4.3 Analysis of particle packing density, size distribu-

tion, and segregation

Ml of PETCEL

(a) Coordination Number graph (b) Volume distribution of Particles(in voxels)

S o gl

Figure 4.4: ODO Dataset

The coordination number refers to the number of distinct neighbours a particle has in a
given system. It provides information about the local environment and connectivity of particles
within a structure or material.

A coordination graph 4.4a can be created to analyze the coordination number distribution
in a system. The coordination graph plots the coordination number on the y-axis and the
number of particles with a specific coordination number on the x-axis.

The coordination number refers to the number of distinct neighbours that a particle has in
a given system. It is a measure of the level of connectivity or interaction between particles.

In the coordination graph, the y-axis represents the coordination number, which can range
from 0 to a specific maximum value depending on the system. The x-axis represents the number
of particles in the system with a corresponding coordination number.

Analyzing the coordination graph can reveal necessary information about the system’s clus-
tering behaviour, particle packing, or spatial arrangement. As the system size changes, it can
help identify patterns, trends, or anomalies in the coordination number. This knowledge can
be helpful in various fields, such as materials science, chemistry, physics, and biology, where
understanding the connectivity and interactions between particles is crucial for characterizing

and predicting system behaviour.
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The volume distribution graph 4.4b provides valuable insights into the distribution of par-
ticle volumes within a dataset. It plots the number of particles falling within different volume
ranges (bins) on the y-axis, while the x-axis represents the bins.

This graph is significant in several ways:

e Identification of volume trends: By observing the distribution of particle volumes, you
can identify any prominent trends or patterns. For example, suppose you notice a peak or
cluster of particles in a specific volume range. In that case, it may indicate the presence

of a distinct particle subgroup or a particular phenomenon related to volume.

e Error detection: The graph allows you to identify particles with volumes that deviate
significantly from the expected distribution. Observing a disproportionately high or low
number of particles in particular volume bins could indicate measurement errors, anoma-
lies, or outliers in the data. These error particles with shallow volumes, as mentioned in

the use case, can be identified and investigated further.

e Statistical analysis: The volume distribution graph provides a statistical overview of
the dataset, allowing you to assess the overall distribution shape (e.g., normal, skewed,
bimodal). This information is crucial for understanding the characteristics and behaviour

of the particle system under study.

e Comparison and benchmarking: You can compare volume distributions across different
datasets or experiments to identify variations or similarities. This helps benchmark and

assess particle volumes’ consistency under various conditions or experimental setups.

The volume distribution graph is a powerful tool for analyzing particle volumes, detecting
errors or anomalies, and gaining insights into the underlying distribution characteristics. It
aids in understanding the system behaviour and facilitates comparisons for research, quality

control, and optimization purposes.
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Chapter 5

Discussion and Conclusion

5.1 Summary of key findings

This work focuses on developing a comprehensive visualization tool for granular media, enabling
users to interactively view ensemble and single particle-level data. The tool facilitates in-depth
analysis of the granular media by computing shape metrics and fabric tensors to gain insights
into their characteristics.

In addition, a query engine has been implemented, allowing users to explore and interact
with the data flexibly and intuitively. This feature enhances the ability to extract valuable
information from granular media and facilitates data-driven investigations.

Furthermore, a novel approach based on Graph Neural Networks has been employed to tackle
the challenge of detection of under-segmented particles. This approach leverages the power of
machine learning to enhance the segmentation accuracy and improve the understanding of the
granular media microstructure.

Overall, this project provides a comprehensive set of tools and techniques for the visual-
ization, analysis, and exploration of granular media, contributing to a better understanding of

their properties and behaviour.

5.2 Conclusions and Future Work

In conclusion, this thesis presents a visualization tool that helps researchers to visualize and
quantify the microstructure of segmented granular materials. The tool allows for interactive
visualization and analysis of the microstructure in 3D. It also provides various quantification
features, including particle statistics. The tool has been tested on different types of granular
materials and has demonstrated the ability to accurately visualise and quantify the microstruc-

ture of these materials.
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This section discusses potential avenues for future work and improvements to the current

project:

e Improvement in Mesh Surface Reconstruction of Point Cloud
Another area for future improvement is enhancing the mesh surface reconstruction of
point clouds. This could involve exploring advanced algorithms or techniques to improve
the accuracy and quality of the reconstructed surfaces. Additionally, optimizing the

performance and efficiency of the reconstruction process can be a vital aspect to consider.

e Development of Web Application and Android App
One possible direction for future work is developing a web application and an Android app
based on the developed visualization and analysis tool. This would provide greater acces-
sibility and convenience for researchers and users who prefer to work on web platforms or

mobile devices.

e Integration with Virtual Reality
Integrating the developed visualization and analysis tool with virtual reality (VR) tech-
nology is an exciting possibility for future work. This integration would allow researchers
to immerse themselves in a virtual environment to interact with and visualize the gran-
ular media more effectively and intuitively. This can provide a unique perspective and

enhance the understanding and analysis of the granular materials’ microstructure.

e Creating Dataset for Learning undersegmented Particles
To tackle the undersegmentation of granualr media, a valuable future direction is to create
a dataset specifically designed for learning and training models to handle undersegmented
particles. This dataset can include diverse examples of granular media with varying levels
of undersegmentation, enabling the development and evaluation of machine learning-based

approaches to address this issue.

Overall, these future directions aim to enhance the usability, accuracy, and capabilities of
the developed tools and methods, paving the way for further advancements in visualizing and

analyzing granular materials.
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Chapter 6

User Experience

6.1 Introduction to User Experience Evaluation for the

MorseGramVis

The user experience evaluation was conducted to assess the usability and effectiveness of the
tool. The evaluation aimed to gather feedback from users to understand their experiences with
the tool, identify strengths and areas for improvement, and guide further development. The
evaluation aimed to measure user satisfaction, understand the ease of use and navigation, eval-
uate the rendering and visualization capabilities, assess the computation and analysis features,
and gather suggestions for future enhancements.

The evaluation involved three participants with diverse backgrounds in geotechnical engi-
neering, micromechanics of cohesive granular materials, and soil mechanics. Their expertise
in these fields provided a comprehensive evaluation from different perspectives, contributing
valuable insights to the research.

The evaluation followed a questionnaire-based methodology. Each participant was pro-
vided with structured questions related to their experience with the tool. The questionnaire
covered various aspects such as general information, previous experience with similar tools,
understanding of the tool’s functionalities, user interface evaluation, rendering and visualiza-
tion assessment, computation and analysis capabilities, performance and efficiency evaluation,
suggestions for improvements, overall satisfaction rating, and recommendation.

The participants responded based on their individual experiences and perceptions of the
tool. The questionnaire allowed them to rate different aspects on a scale, provide detailed ex-
planations, and suggest additional features or improvements. Their responses provided valuable

insights into the surface reconstruction tool’s usability, performance, and potential enhance-
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ments.

The user experience evaluation aimed to gather subjective feedback from the participants,
enabling the development team to understand the strengths and weaknesses of the tool. The
evaluation outcomes would be used to inform future iterations of the tool, enhance its user-
friendliness, address any performance issues, and incorporate suggested features to improve user

experience.

6.2 Questionnaire

6.2.1 General Information

1. Name:

2. Occupation/Field of Study:

6.2.2 Experience with other tools

1. Have you used any surface reconstruction tools before?

2. If yes, please mention the tools you have used and briefly describe your experience with
them.

3. If no, please proceed to the next question.

6.2.3 Introduction to the MorseGramVis

1. How would you rate the ease of understanding the tool’s functionalities and features ?
2. Did you find the user interface intuitive and easy to navigate 7

3. Were you able to quickly grasp the purpose and potential applications of the tool 7

6.2.4 Rendering and Visualization

1. How would you rate the quality and clarity of the rendered visualizations ?

2. Did the tool provide sufficient options for ensemble visualization, single/multi-particle

visualization, contact area visualization, and extremum graph visualization 7
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6.2.5 Computation and Analysis

1. Did the mesh computation feature of the tool perform efficiently and accurately ?
2. How useful and informative did you find the data analysis capabilities of the tool ?

3. Were the multi-level segmentation functionalities effective in identifying and analyzing

particle structures ?

6.2.6 Performance and Efficiency

1. How would you rate the overall speed and responsiveness of the tool during your usage ?

2. Did you encounter any significant delays or performance issues while using the tool?

6.2.7 Future Scope and Improvements

1. Based on your experience, what additional features or functionalities would you suggest
for the tool? Are there any specific areas where you think the tool could be improved for

better user experience or performance?

6.2.8 Overall Satisfaction

1. On a scale of 1 to 10, how satisfied are you with the tool overall 7

2. Would you recommend this tool to others in your field or related domains ?

Thank you for your participation! Your feedback and responses will be valuable for our

thesis report and further development of the tool.

6.3 Analysis of User Experience Feedback

Based on the questionnaire results, here is an analysis of the user experience with the tool:
The questionnaire results provided valuable insights into the participants’ experience with
the MorseGramVis tool. Participants had prior experience with tools such as MATLAB, Par-
aView, and Tomoviz for surface reconstruction, visualization, and simulation purposes. When
introduced to MorseGramVis, participants found the tool’s functionalities and features easy to
understand and navigate. The user interface was considered intuitive and user-friendly.
Regarding rendering and visualization, participants highly rated the quality and clarity of

the rendered visualizations. They appreciated the options available for ensemble visualization,
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single/multi-particle visualization, contact area visualization, and extremum graph visualiza-
tion.

In terms of computation and analysis, participants found the mesh computation feature
accurate and efficient in capturing detailed particle shapes. They also found the data analysis
capabilities of the tool useful and informative for extracting geometric properties and charac-
terizing micro-scale properties.

Participants reported positive feedback on the performance and efficiency of the tool. They
noted that the tool demonstrated good speed, responsiveness, and no significant delays or
performance issues were encountered during usage.

For future improvements, participants provided valuable suggestions. These included au-
tomating the selection of under-segmented particles, adding options for exporting high-resolution
image files, implementing linked camera views for comparative analysis, and providing a user
manual or tutorial to enhance usability for users from different backgrounds.

Overall, participants expressed high levels of satisfaction with the MorseGramVis tool, rat-
ing it between 8 and 9 out of 10. They also indicated their willingness to recommend the tool
to others in their respective fields.

The feedback received from the participants provides valuable insights for further enhancing

the tool’s usability, features, and overall user experience.

6.4 Conclusion

The user experience evaluation of the MorseGramVis yielded valuable insights from participants

with varied backgrounds and experience with similar tools. Here are the key findings:

e Ease of Use: Participants found the tool’s functionalities and features easy to understand
and navigate. The user interface was generally intuitive, although some participants

suggested more explicit instructions for first-time users.

¢ Rendering and Visualization: The quality and clarity of the rendered visualizations
received positive feedback. The tool provided valuable options for ensemble visualiza-
tion, single/multi-particle visualization, contact area visualization, and extremum graph

visualization.

e Computation and Analysis: Participants were satisfied with the efficiency and accu-
racy of the mesh computation feature. The data analysis capabilities of the tool were
considered valuable and informative, providing essential geometrical properties for post-

processing.
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e Performance and Efficiency: The tool exhibited good speed and responsiveness, with

no significant delays or performance issues reported.

e Suggestions for Improvement: Participants suggested adding features like automatic
selection of under-segmented particles, exporting visualized 3D views to high-resolution

image formats, and providing a user manual for users from different backgrounds.

6.4.1 Overall Assessment

The user experience evaluation indicates that the MorseGramVis offers a positive user ex-
perience. Participants expressed high satisfaction with the tool’s ease of use, rendering and

visualization capabilities, computation and analysis features, and overall performance.

6.4.2 Implications and Potential Actions

The feedback received provides valuable insights for further improvements. Addressing the
suggestions for adding new features, such as automated selection of under-segmented particles,
and enhancing the user manual (added in appendix chapter, 7) can enhance the tool’s usability
for a broader range of users. Additionally, implementing the option to export visualized 3D
views to high-resolution image formats would improve the tool’s versatility.

It is recommended to incorporate the suggestions for improvement into future iterations of
the tool, considering the needs and preferences of the target users. Regular updates based on
user feedback and continuous testing can enhance the tool’s usability and ensure a positive user
experience.

Overall, the surface reconstruction tool has been well-received, providing a user-friendly in-
terface, efficient computation, and valuable visualization and analysis capabilities. The positive
user feedback and recommendations for future use indicate the tool’s potential to effectively

serve researchers and professionals in surface reconstruction and image segmentation.
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Chapter 7

Appendix

7.1 User manual for the MorseGramVis

7.1.1 System Requirements

To run the software effectively, your system must meet the following requirements:
e Operating System: Ubuntu 20.04.6 LTS or compatible Linux distribution.
e Memory: 8 GB RAM or higher.

Please note that these requirements are specific to Ubuntu 20.04.6 LTS. The software may
also be compatible with other Linux distributions, but it is tested on Ubuntu 20.04.6 LTS.
Before installing the software, ensure that your system meets these requirements. Failure
to meet these requirements may result in degraded performance or compatibility issues.
7.1.2 Installation Instructions
To install and set up the visualization and analysis tool, follow these steps:
1. Create a virtual environment for Python using venv by running the following command
in your terminal: python -m venv myenv
This will create a new virtual environment named myenv.

2. Activate the virtual environment by running the appropriate command based on your

operating system:

e For Windows:

myenv\Scripts\activate
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e For macOS and Linux:

source myenv/bin/activate

3. Clone the repository from the GitHub repository by running the following command in

your terminal:

git clone https://github.com/your/repository.git

4. Navigate to the cloned repository directory:

cd repository

5. Install the required dependencies by running the following command:

pip install -r requirements.txt

6. Finally, start the application by running:

python start.py

7.2 User Interfaces(UI)

@ MorseGramVis &

e e A Visualization and Analysis Teol for Segmented Granular Media

SinglaMulti
@ Surfsce Reconstruction ' Ensemnble Visualization s Particle Visualizatian
T BT
m

' Under Segmantatian Configure Insights ! Arabysis

VR 4
% Ousery Engine 6@ Virtual Reality ﬁ Miscelanscus Toals

Figure 7.1: Start Window containing various features

7.2.1 Getting Started with Visualization

Here are the steps to follow for visualization:
1. Choose the dataset you want to work with by accessing the configure window 7.2.

2. Select the folder containing the dataset and adjust the parameters as needed.
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Figure 7.2: Configure Window

Figure 7.3: Surface Reconstruction Window

. Open the surface reconstruction window 7.3.

. From the navigation options, choose the surface reconstruction option.
. Click the start button to begin the surface reconstruction process.

. Once the surface reconstruction is completed, click the merge button.

. After merging all the surface meshes, the ensemble is created.
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Figure 7.5: Miscellaneous Tools Window

8. Close the surface reconstruction window.

9. Finally, open the ensemble visualization window to view and analyze the ensemble or
open the single/multi-particle visualization window to view and analyze at the particle

level.

These steps will guide you through the process of performing ensemble visualization using the

tool.
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7.2

.2 Getting rid of erroneous particles

To perform cleaning and remove erroneous particles, please follow these steps:

—_

. Open the Surface Reconstruction window 7.3.
From the navigation options on the left side of the window, select ” Perform Cleaning.”

. Wait for the cleaning process to finish. This process may take some time, depending on

the size and complexity of the dataset.

Once the cleaning process is complete, a volume histogram will be displayed. Please take
note of the volume threshold or cutoff value and its units. All particles with a volume
(measured in the number of voxels/ or points in the point cloud) less than the chosen

cutoff are considered erroneous particles.

Provide the volume cutoff value in the input field present in the cleaning window.
Start the cleaning process by pressing the designated button.

Wait for the cleaning process to finish execution.

After the process is finished, all erroneous particle IDs are stored in the " data/cleangata.pkl”
file.

A new button will be enabled, indicating the option to create a clean and new ensemble

file. Press this button to generate a new ensemble file that is free from erroneous particles.

By following these steps, you will successfully perform cleaning and remove erroneous par-

ticles from the dataset, ensuring a more accurate and reliable analysis.

7.2

.3 Getting Started with Query Engine

Here are the steps to follow:

1

2.

. Make sure to perform surface reconstruction task 7.2.1 for all the particles in the dataset.
Once the project is configured, open the surface reconstruction window 7.3.
From the navigation options on the left, select "Particle Statistics”.

check noisy particle checkbox to compute statistics for all particles including noisy too,

else uncheck to ignore. Then, click on the ”Compute Particle Statistics” button.
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5. Wait for the computation to complete.
6. After the computation is finished, close the surface reconstruction window.

7. Finally, open the Query Engine window by accessing the start window.

By following these steps, you will ensure that the surface reconstruction is performed for all
particles in the dataset and then proceed to compute particle statistics. Once the computation is
complete, you can close the surface reconstruction window and open the Query Engine window

for further analysis and exploration of the data.

7.2.4 Getting Started with Insights / Analysis

please follow these steps:

1. Ensure that the previous task 7.2.3 is complete.
2. Open the Surface Reconstruction window 7.3.
3. From the navigation options on the left side of the window, select ” Contact Statistics.”

4. Wait for the process to finish, as it may take some time depending on the size of the

dataset.

5. Once the surface reconstruction process is complete, close the Surface Reconstruction

window.
6. Open the Insights/Analysis window.

7. In the Insights/Analysis window, you will find various plots and information related to

the dataset based on the option chosen from the navigation options.

By exploring the different navigation options in the Insights/Analysis window, you can

access valuable insights and analysis of the granular material dataset.

7.2.5 Visualization of contact region

Here are the steps to follow:

1. Ensure to perform surface reconstruction task 7.2.1 for all the particles in the dataset.

2. After configuring the project, open the surface reconstruction window 7.3.
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3. Choose ”Contact Statistics” in the navigation options on the left, then click the ” Compute
Contact Statistics” button.

4. Wait until the computation ends.
5. Finally, after finishing the computation, close the surface reconstruction window.

6. Now, the contact region visualization feature should be available for use.

By following these steps, you can ensure that the surface reconstruction is performed for all
particles in the dataset. After configuring the project and opening the surface reconstruction
window, choose ”Contact Statistics” to compute the contact statistics. Once the computation
is complete, close the surface reconstruction window. With the contact region visualization
feature now enabled, you can proceed with visualizing and analyzing the contact regions in the
granular material.

7.2.6 Update environment parameters like background color and
lighting conditions

The given instructions outline a three-step process for adjusting the environment parameters

through a setting dialog. Here is a summary of the steps:

1. Click on the ”gear” icon located in the toolbar of the ensemble /single visualization window
as displayed in the following figures 4.2 3.6 3.7 4.3.

2. A setting dialog will open, presenting various options and widgets to adjust the environ-

ment parameters. Use the appropriate widgets to make the desired adjustments.

3. After making the necessary changes, close the setting dialog to apply the adjusted envi-

ronment parameters.

These steps provide a clear and concise guide for users to access and modify the environment

parameters through the setting dialog.

7.2.7 Computing Simplified Saddle Graph

Here is a set of instructions to compute a simplified saddle graph:

1. Ensure that the surface reconstruction task 7.2.1 for all particles is complete.

2. Open the surface reconstruction window 7.3 and navigate to the options menu.
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3. Choose the ”Simplified Saddle Graph” option from the navigation menu.
4. Click on the ”Start” button to initiate the computation process.

5. Wait for the process to finish, as it may take some time depending on the complexity of
the data.

6. Once the process is complete, close the surface reconstruction window.
7. Open the single/multi-particle visualization window.

8. In the toolbar, locate and select the ”Show Simplified Saddle” icon.

Following these instructions will allow users to compute and visualize the simplified saddle

graph for the surface reconstruction.

7.2.8 Manually labelling particles

To manually label particles, follow these steps:

1. Ensure that the surface reconstruction task 7.2.1 is complete.
2. Open the single/multi-particle visualization window.

3. By default, you will see an orange-colored sand particle icon in the toolbar, indicating
that the particle is not labeled.

4. Press the "¢” key to label the particle as correctly segmented. The color of the icon

discussed in the previous instruction will change to green.

5. Press the 7i” key to label the particle as not correctly segmented. The color of the sand

particle icon in the toolbar will change to red.

6. All the label information will be stored in a pickle file located in the project folder under
”data/labels.pkl”.

By following these steps, you can create labeled particles, where the labels indicate whether
the particles are correctly segmented or not. The pickle file will contain the necessary label

information for further analysis.

o4



7.2.9 Creating dataset for learning undersegmented particles
To create a dataset for learning undersegmented particles, follow these steps:
1. Ensure that you have completed labeling of particles 7.2.8.

2. Open the miscellaneous tools window 7.5 and select the ”export simplified saddle graph”

option from the navigation menu.

3. Depending on the type of classification model you are using, choose the folder containing

the mesh or saddle graph.

4. Provide the location of the pickle file that contains the information on the labels of the

particles.

5. Specify the target location for storing the correctly labeled particles and the not correctly
labeled particles.

6. Click the "export” button to start the export process.

7. Wait for the process to finish. The dataset containing the undersegmented particles, along

with their corresponding labels, will be saved in the specified target locations.

By following these steps, you will generate a dataset that can be used for training a classi-
fication model to identify undersegmented particles. The dataset will consist of the particles,
their associated features (from the mesh or saddle graph), and their labels indicating whether

they are correctly segmented or not.

7.2.10 Training Models for learning undersegmented particles

To train the Graph Neural Network (GNN) using the dataset generated from the previous steps,

follow these instructions:

1. Make sure that you have completed the task 7.2.9.

2. Run the appropriate classification model implemented in the Jupyter notebook. Locate

the notebook file in the "notebooks” folder of the software source code repository.

3. Ensure that the preprocessed data is stored in the "notebook/data/preprocessed” direc-
tory or the appropriate location specified by the notebook.
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4. Start the training process by executing the notebook cells. The model will begin training

on the preprocessed dataset.

5. Wait for the training process to complete. This may take some time depending on the

complexity of the model and the size of the dataset.

During the training process, the GNN model will learn to classify undersegmented particles
based on the provided features and labels. The duration of training will vary depending on
the specific model architecture and the computational resources available. Once the training
is finished, you can evaluate the performance of the trained model on test data or use it for

predictions on new, unseen data.
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