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Abstract

A novel method of detecting overlap between two irregularly shaped virtual particles whose surfaces are described
by analytical functions is presented in this study. Utilizing the analytical equation that describes the surface of the
particle, the first and second spatial derivatives are used to locate the major surface asperities via the surface curvature.
During the particle placement process, detecting overlap between two particles is a crucial, but slow, step. In this
work, particle asperities are checked for intersection with nearby particles first, leading to significant improvements in
efficiency, compared to previous methods. While the asperity check does not detect all cases of overlap between two
particles, it leverages the probability that the overlap is most likely to occur at a surface asperity. Microstructures are
generated using four particle size gradations and four volume fractions to demonstrate the decrease in computational
time associated with using the asperity overlap detection versus using a surface point cloud. This overlap detection
method provides significant increases in efficiency, averaging a speedup of 10 when generating a 40 % volume fraction
microstructure.
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1. Introduction

The precursor to many numerical simulations is a virtual recreation or development of a statistically representative
surrogate of the material or structure to be studied. Particles and particulate composite materials present challenges
when depicted virtually due to the complexity of accurately representing the morphology of the particulate compo-
nents. Particle shape, size gradation, and spatial distribution have been shown to influence rheology [1H6], fracture
behavior [7, [8]], diffusivity [9H11]], rate of reactions [12H14], and mechanical properties of composites [7} [15H17].
Thus an accurate representation of shape and distribution is of great interest.

Particle packing and spatial arrangement play important roles in many fields of research and industrial applica-
tions. Codes generating virtual representations of particles and composite materials have been increasingly used in
simulating mechanical behavior [12} [13] [15]], fluid dynamics [} [18], and thermal conductivity [12] (14} [19421]]. The
random packing and placement of regularly shaped particles such as spheres [20425]], cubes [26], cylinders [S} 27, 28],
and ellipsoids [29H32] have been widely studied. For most practical virtual representations, portions of two particles
cannot exist in the same space at the same time, so prevention of virtual particle-particle overlap is an important aspect
of these codes. Particle-particle contact and collision has been extensively studied for the application of discrete ele-
ment method (DEM) analysis, as DEM simulates the effects of contact-driven interparticle forces and external forces
on the motion of collections of particles[33]. DEM random-shape particle representations typically utilize sphere
clusters [34}135]] or superquadric functions to describe regular shapes such as ellipsoids, cubes, and cylinders [36} 37].
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Detection of overlap between spheres is the most straightforward, warranting only a comparison of the distance be-
tween the centers to the sum of the radii. Furthermore, overlap between cubes can be determined by evaluating if any
of the vertexes or line segments lie within another cube. In the case of cylinder-cylinder overlap detection, a variety of
approaches are used - including projection on a line, separation axis tests, and three-dimensional parallel testing [38-
40]. Contact between two ellipses can be determined by solving the quartic equation derived from combining their
two equations. Minimization of the geometric potential of the two ellipses can be used to locate intersection points,
as described in [41]]. Similar contact and overlap detection algorithms for ellipsoids can be found in the literature
[311/42145].

In contrast to the assemblage of particles with simple shapes, when placing or packing irregularly shaped particles,
detecting overlap becomes more challenging. Some applications combine regular shapes to form more complex
particle morphologies - such as tablets [46|47], clusters of spheres [34H36], and sphere-cylinder combinations [38} 39}
46, 147]]. Other methods of irregular particle shape representation include X-Ray Computed Tomography (XCT) scans
[[15]], laser scans [48]], random Voronoi polygons [49-51]], and spherical harmonics [52,153]. A review of published
literature has shown the main approach to overlap detection of particles is calculating the minimum distance between
the surfaces of two particles [53| 154]]. The minimum distance approach provides accurate detection of overlap, but
is computationally expensive. For random particle shapes represented as a cluster of component spheres of differing
sizes, each sphere composing the particle in question is checked for overlap with the spheres composing the nearby
particles. The accuracy of this method is dependent on the conformity of the sphere cluster to the original particle
shape [35, 56]. Another method is to represent each particle’s surface as a collection of planes, where the space
enclosed by the intersecting planes represents the particle. The overlap test then checks if all the points on other
particles lie on opposing sides of each of these planes from the particle in question [57]. Voxel based approaches
treat particles as 3D images, composed of cubic voxels. Overlap detection is fast, however there is a tradeoff between
the resolution of the particle’s surface characteristics and reducing the number of voxels used [38]. A mathematically
driven approach can be used to determine exactly where the two particle surfaces intersect, but for star-shaped particles
is computationally expensive [59H61]. In this paper, the focus is on determining if two particles overlap, not precisely
where they overlap.

The objective of this research is to develop an efficient, computationally inexpensive method of determining if
two virtual, random-shape particles, each represented by a series of spherical harmonics functions, overlap. A novel
asperity-based overlap detection algorithm is presented in this paper. This approach improves upon existing particle
overlap detection algorithms during random particle placement by identifying, a priori, the asperities on the surface
of a particle, which allows for more rapid overlap detection while preserving complex, particle surface geometries.

2. Particle Generation

Extensive work characterizing the shape of particles has been performed using X-ray Computed Tomography
(XCT) [52]. Spherical harmonics is a mathematical technique that may be used to analyze and represent the shape
of star-shaped particles derived from XCT data. A star-shaped particle is defined to be a shape where there exists at
least one interior point (e.g. usually the center of mass works), such that any point on the surface of the particle can
be connected to this special point with a line segment that lies entirely in the particle. In actuality, in any star-shaped
particle, there is a convex subset of the particle containing all points that will suffice for this special point [62]. In this
application, spherical harmonics are used to mathematically deform a sphere until it represents the original particle as
scanned in the XCT data. The spherical harmonic function is

2n + 1)(n — m)! ;
0.0 = \|[ et P cos(@)e™, (M

where the term P}’ represents the associated Legendre functions and i is the square root of -1.
The radius at any set of angles in a spherical coordinate system is

Npax 1

H0.0)= > > am¥6,9), @

n=1 m=-n



-5 mm

mmo/ | -
2/

4/
4i—

N

mm Ot

_9

_ 4"»:

Figure 1: An aggregate particle reconstructed using spherical harmonics

where the azimuth angle, 6, ranges from 0 to 27 and the polar angle, ¢, ranges from O to nr. The parameter a,,, is the
spherical harmonic coefficient and is in principle unique for each n and |m| pair in the absence of any symmetry in
the particle shape. Requiring (6, ¢) to be a real number constrains the a,,, coefficient to be the conjugate conjugate
of ap_m. It is recommended that Equation (2)) is carried out to an n,,,, value of approximately 18 to 26. Additional
summation terms will not give an appreciable level of detail and may even go beyond the level of detail captured in
the XCT data [52]]. A particle reconstructed using this method is shown in Figure[T}

2.1. Pre-Rotation of particles

In order to generate randomly oriented and located particle arrangements, one must in principle, for every new
particle, choose a random orientation and location in the unit cell. To match the random orientation, the spherical
harmonic coefficients of the particle must be rotated. If the particle cannot fit in the chose location with the chosen
orientation, then a new orientation must be generated. In order to reduce the computational time needed to generate a
microstructure, a stockpile of pre-rotated particles was created. Each particle was used to make 10 pre-rotated copies
of itself. This number is a parameter of the algorithm and can easily be increased as necessary. Pre-rotation of the
aggregates was carried out by rotating the a,,, coefficients by random angles around each the X-, Y-, and Z-axes. The
an, were rotated using the code provided in Appendix A.1. With the new coeflicients, the pre-rotated particles were
then re-constructed using Equation (Z). An advantage of pre-rotation is that the computation must only be carried out
once, and the rotated particles can be used to generate multiple microstructures or representations.

3. Asperity Detection

The first and second spatial derivatives of the analytical function describing the surface, given in Equation (2)), are
used to identify the local maxima in the particle’s radii on the particle’s surface, called asperities. These maxima can
be detected by first determining the locations where the first derivatives with respect to ¢ and 6 are equal to zero. For
brevity, the parameter f,,,,
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is used to represent the factorials common to all the derivative equations [52]]. The first derivative with respect to ¢,
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and the first derivative with respect to 6,
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are equal to zero at locations of minima and maxima in the radius. Next, the second derivative with respect to ¢,
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are assessed [52]. The second angular derivatives are positive in minima locations and negative in maxima locations.
Locations in the spherical coordinate system where the first derivatives are zero and the second derivatives are negative
are identified as asperities and are stored for each particle. The asperities are unchanging on the particle surface, so
their identification need only be performed once. The, coordinates of the asperities, relative to the center of mass of
the particle, are properties of the individual particle and not the microstructure, and can thus be identified prior to any
microstructure generation. The location data are stored and recalled as needed during the particle placement process.
Pre-rotating the particles includes rotating the coordinates of the asperity locations for each particle copy.

In this work, the derivatives given in equations @) - (7) are assessed numerically by calculating the value of the
derivatives at incremental values of 6 and ¢. Asperities are defined as locations where the first derivative is near
zero and the second derivative is less than zero. This approach uses a tolerance of +0.25 when analyzing the first
derivative values due to the use of incremental numerical assessment of the derivatives, as the location of where the
first derivatives are exactly zero may not fall exactly on the angle increment used. The number of increments is also a
parameter of the algorithm. The increment value of {35 have been found to give generally accurate results.

As the asperities of interest are the major maxima in the radii, not minor surface detail, a reduced number of
summations can be used in the derivative equations because the lower n values are responsible for shaping the largest
features and contours of the particle. As n increases, finer surface features can be resolved. In a subsequent section,
the influence of the n,,,, value used during asperity detection on the resulting efficiency improvement is assessed.

4. Particle Placement

To generate a virtual 3D microstructure, the particles are randomly placed into a domain with the smallest dimen-
sion at least 2.5 times the largest particle size, where particle size is determined by the width of the particle. The length
(L), width (W), and thickness (T) of the particles are measured using ASTM D4791 [63]. Length is defined as the
longest axis that is fully contained in the aggregate. The width is defined as the longest axis that is both perpendicular
to the length axis and is also fully contained in the aggregate. Thickness is taken as a fully enclosed line segment
that is perpendicular to each the length and width axes. This work employs cubic domains with periodic boundary
conditions for demonstration. The code uses an imported experimental particle size gradation curve or a user-defined
gradation to calculate the number of particles from each size range needed to achieve both the desired volume fraction
and gradation. Periodic boundary conditions are achieved by enforcing opposite boundaries to be identical to each
other. In order to realize this, any particle that intersects the boundary of the domain is cut at the boundary. The piece
of the particle that is outside the domain is translated to the opposing side and properly rotated. An example is shown
in Figure 2]

The particle placement process is described in Figure [3]and is largely based on the Anm model [59,64]]. First, all
of the pre-rotated particles are sorted by size. Starting with the largest particle size range, a random particle in the size
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Figure 2: Example of periodic boundary conditions demonstrated with a particle that intersects the wall of the domain
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Figure 3: Particle packing algorithm

range is selected for placement. Random center coordinates are generated for the particle and it is temporarily placed
into the domain. If the particle intersects any of the domain walls, it is sliced at the wall and the exterior piece is
translated to the opposing side of the domain, as described previously in Figure 2] The asperity overlap check, which
is described further in Section 5, is performed to determine if the particle is in contact with any of its neighbors. If
the particle is found to overlap with another, it is randomly translated to a new, random location in the domain. This
process is repeated up to Pmax times (typically Pmax is set at a value of 30) until the particle finds a suitable position
in the domain. If Pmax tries are exceeded, the particle is discarded and the code moves on to the next particle in the
same size range. Particles that are placed into the domain without overlapping with previously placed particles are
then considered a permanent addition to the domain, and the code moves on to select and place the next particle. A
completed microstructure is displayed in Figure 4]

5. Overlap Detection

Detection of overlap between two virtual particles in this work involves a three-step approach. The overlap check
function is divided into three filters. The first, coarse filter compares the distance between the centroid of the particle
in question and the centroid of a previously placed particle to the sum of the two particles’ maximum radii. Next, the
asperities on the surface of the two particles are assessed, which is the new methodology that comprises the novelty
of this paper, followed by the third filter that applies a brute force check if necessary.

5.1. Radii Comparison

Each particle has an imaginary bounding sphere with a radius defined to be equal to the maximum of all its radii
and a minimum inscribed sphere with a radius defined to be equal to the minimum of all its radii. An enclosing
sphere, as opposed to an enclosing box used in [59], was chosen due to compatibility with a spherical coordinate
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Figure 4: Completed microstructure, packed with 38 % volume fraction of particles. The colors indicate discrete particles

system. The bounding sphere can be imagined as the smallest sphere centered at the particle’s center of mass that
fully contains the particle. The inscribed sphere is the largest sphere that lies entirely in the interior of the particle’s
surface while also being centered at the particle’s center of mass. These definitions differ from the usual geometric
definition of inscribed and circumscribed spheres by requiring that the center of the two spheres be the same and equal
to the particle’s center of mass. If the distance between the centroids is greater than the sum of the maximum radii,
the two particles cannot overlap. If the distance between the centroids is less than the sum of the maximum radii of
the respective particles, the program then compares the centroid-centroid distance to the sum of the minimum radii.
If the distance between the two centers is less than the sum of their minimum radii, the particles must overlap. This
approach quickly determines if two particles do not overlap. However, the indications of overlap are mainly false
positives, since it treats the particles as spheres. If the minimum radii assessment is passed, the algorithm advances to
the asperity check.

5.2. Asperity Check

The overlap between the two enclosing or bounding spheres forms a lens of potential intersection as seen in Figure
[3l This lens represents the only 3D space where overlap between the two particles is possible. Only the asperities
located in the lens of potential intersection are assessed in this filter.

Starting with the particle in question, the asperities on each particle, identified from the previously stored list of all
the surface asperities for those two particles, are filtered to retain only those present in the lens of potential intersection.
The locations are retrieved and the vector between an asperity on one particle and the center of the other particle is
established. The vector’s magnitude is compared to the radius of the other particle along the direction of the vector,
as shown in Figure[f] If the radius is shorter than the vector’s length, there is no overlap at that asperity and the code
moves on to assessing the remaining asperities in the lens of potential intersection. If the radius is longer, overlap has
been detected and the function exits. This radius-distance comparison was initially seen in [59], however it was used
to sweep the entire region of potential intersection, whereas this approach targets specific, predetermined locations
within the lens of potential intersection. If all the asperities from the first particle are checked and no overlap is found,
the function begins checking the asperities on the second particle. If overlap is detected the function immediately
stops and exits.



Lens of potential
intersection

Figure 5: Lens of potential intersection formed by intersecting bounding spheres. Only asperities that lie in this lens are checked for overlap with
the neighboring particle. In this example, the asperities that lie in this lens are identified with blue markers.

A similar approach is found in [53]], where the L, norm of Equation (2)), is used to determine the minimum distance
between two particles. This approach differs from that in [53]], where the radius equations for each pair of analyzed
particles are assessed to find the minimum distance each time they are checked for overlap. In this work, the approach
uses the radius equation’s spatial derivatives to identify local radius maxima or asperities and stores the information
for recall during future overlap checks.

5.3. Brute Force Check

If all asperities pass the previous assessment, so the particles appear to not overlap, the code applies the third filter
- a brute force comparison of the surfaces. The brute force method assesses the point clouds of the two particles to
determine if the points in the lens of intersection on one particle lies within the surface of the other particle. This
approach is the most robust and will catch all instances of overlap, however it is computationally intensive. The brute
force check operates with two filters. The first checks if any points on the surface of particle A lie within the inscribed
sphere of particle B. If any points on particle A lie within this sphere, there is overlap between the two particles and
the function exits. Otherwise, the function advances to the second filter, which filter relies on MATLAB’SEl built-in
function “alphaShape”, which creates a bounding region around a set of points. In this application, the alphaShape is
a 3D surface that forms to the morphology defined by the surface points of the aggregate. As the number of points
used to define the surface of each 3D particle in this work is high, 28,800 points, generated by assessing 120 and 240
increments of ¢ and 6, respectively, the bounding region is very closely aligned with the morphology of the particle.
Previous work by Garboczi (2017) found that 120 increments of ¢ and @ provided generally accurate results [63].
The subfunction, “inShape” assesses whether a specified point or set of points lie within the alphaShape. The most
straightforward approach to using the alphaShape is to generate an alphaShape of the particle in question, herein
referred to as particle A, and assess if the surface points of nearby particles lie within the alphaShape of particle A.
While this catches most of the overlap between particle A and neighboring particles, one important exception exists -
when particle A lies entirely inside another particle, referred to as particle B, such as the example shown in Figure[7]

ICertain commercial equipment, instruments, or materials are identified in this paper to adequately specify the experimental procedure. Such
identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the
materials or equipment identified are necessarily the best available for the purpose.

7



Figure 6: Assessing overlap by comparing the distance from the center of particle A (identified with a white marker) to the asperity on particle
B (identified with a blue marker) with the radius of particle A along the same vector (identified with a black marker). On the left, the radius is
shorter than the distance to the asperity, indicating there is not overlap with the asperity point, while on the right the radius is longer, leading to the
detection of overlap.

This scenario is caught and prevented during the asperity check, because for any asperity on particle A, the radius of B
will be larger than the distance to the asperity - resulting in detection of overlap. However the control copy of the code
(i.e., the comparison code without the asperity check) needs an additional layer of consideration, because if particle A
lies entirely within particle B, the points on the surface of particle B will not be detected as being ’in’ the alphaShape
of particle A. In order to detect this, the code checks if all points on particle A lie within the bounding sphere of
particle B. If all of the points on particle A fall in the bounding sphere, the code generates an alphaShape of particle B
and assesses if the points on A are located within it. In the case where part of particle A lies outside of the bounding
sphere, there is no possibility of particle A being fully enclosed within particle B, thus the code uses the previously
generated alphaShape of particle A to assess if any points on B lie within the alphaShape of A. Each neighboring
particle is assessed in this manner in order to perform only one alphaShape assessment per pair of particles.

N Bounding sphere

Figure 7: Two arrangements of particle A with respect to particle B - fully contained in the bounding sphere of particle B (left) and intersecting the
bounding sphere of particle B (right)

6. Particle Shape Analysis

Four particle size distributions were studied to determine the impact of the asperity check on computation time in
a variety of packing scenarios. The particles are divided into four size groups based on their width. These gradations
are seen in Figure [8] Gradations A and B contain greater proportions of larger particles, whereas gradations C and
D contain a finer mix of particles. Gradation curve C is based on the Fuller curve, adapted to consider only particles
larger than 4.75 mm width[66].
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To provide context for the particles used in this work, several shape parameters are assessed and presented here. As
previously discussed, the length, width, and thickness of each particle is measured as defined in ASTM D4791 [63]].
The ratio of the length and thickness of the particle, generally referred to as the aspect ratio, is assessed alongside the
length to width ratio, and the ratio of the maximum and minimum radii. Additionally, the Wadell sphericity parameter,

defined as .
_ Surface area of volume-equivalent sphere

-
v Surface area of particle

; ®)

is used to describe the roundness of a particle on a scale of 0 to 1, where a §,, value of 1.0 is equivalent to a
perfect sphere [67]. As seen in Figure[9] the shape parameters are relatively consistent between the four particle size
gradations, indicating that the four gradations assessed in the next section can be compared simply without needing
to account for differing particle shape ratios in the resulting microstructures. Note that the vertical bars shown in
Figure[9]are not uncertainty limits, but show the standard deviation found by computing over the particles in question,
reflecting the range of shapes.
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7. Results & Discussion

All microstructure generation was carried out using Matlab R2018a on the Texas A&M University High Perfor-
mance Computing Center’s supercomputer Ada, a hybrid cluster from IBM with Intel Ivy Bridge processors and a
Mellanox FDR-10 Infiniband interconnect. The plotting code was carried out serially, placing one particle at a time,
on a single node with 2500 MB of allotted memory. For each gradation, three microstructures were generated at three
particle volume fractions: 20 %, 30 %, and 40 %. The control code is a copy of the plotting code with the asperity
check removed and an additional check in the brute force filter that assesses if a particle is fully enclosed by another.

7.1. Influence of ., Value

As the asperities of interest are the major maxima in the radii, not the surface detail, a reduced number of summa-
tions can be used in the derivative equations. In Figure [I0} an example of asperity detection using a variety of 71,y
values is depicted.

To quantify the level of influence that the n,,,, parameter had during asperity detection, the set of pre-rotated
particles was run through the asperity detection code four times - using n,,,, values of 6, 8, 10, and 12. The n,,,, value
of 4 was not considered due to the notable morphological difference between the particle generated with an n,,,, value
of 4 and the particles generated with higher 7,,,, values (see Figure [T0).

Since the mean and median number of asperities detected by the varying n,,,, values in Table ] varies by up to
15 asperities per particle, a test to determine the optimal n,,,, value to use during the asperity detection process was
conducted. Three microstructures of 40 % volume fraction coarse particle were generated using each set of asperities.
The average runtime of the microstructure generation for each n,,,, value using gradation A is shown in Figure [T}

It was found that the n,,,, values used during asperity detection did not cause a statistically significant difference
in the overlap detection time, as each of the error bars overlapped. The lack of difference is likely due to the major
asperities being visible and detected at an n,,,, value as low as 4. The slightly lower computational times for the
higher n,,,, values indicate that the code does not need to cycle through several asperities within the lens of potential
intersection prior to identifying an intersection if one exists. Furthermore, for very low values of n,,,, used to identify

10



d) e) f)

Figure 10: Asperities identified on a particle plotted and analyzed with an n,,,y value of a) 4, b) 6, ¢) 8, d) 10, e) 12, ) 20. The largest asperities
are identified on all, with increasingly subtle asperities detected as n,,, increases

Table 1: Mean and median number of asperities identified on each particle for varying n,,,, values.

Nmax Value Mean Median

6 18.2 16
8 23.2 21
10 28.3 26
12 33.1 31

asperities, there may be some potential intersections that are missed by the asperity filter, leading to more detections
in the (computationally more demanding) brute force filter. As seen in Figure the morphology of the particle
generated with an n,,,, value of 4 is notably morphologically smoother and simpler than the particles with a higher
Nmay value. In the remainder of this work, the asperities are detected using #,,,, = 10, as this value provides a balance
of computational speed and morphological detail during the asperity detection process. The particles themselves were
generated with an n,,,, value ranging between 18 and 26.

7.2. Efficiency Improvements

Tables[2]thru[5]shows the runtime data differences between microstructure generation with and without the asperity
check, giving the average runtime + the standard deviation of the three runs. The edge length of the cubic microstruc-
ture was 75 mm and the largest particle size was 30 mm. Speedup is a parameter describing the improvement in code
performance, according to

Average Runtime of Control Code
Average Runtime of Code with Asperity Check

Speedup = )

11
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Table 2: Runtime and improvement results for each volume fraction using Gradation A

Volume Fraction Avg. Runtime = Std. Avg. Runtime Control + Avg. Speedup
Dev. (hrs) Std. Dev. (hrs)

20 % 0.05 + 0.0001 0.19 + 0.009 3.7

30 % 0.12 + 0.0009 0.94 +£0.16 7.6

40 % 1.45 £ 0.55 12.24 £ 3.1 8.5

Table 3: Runtime and improvement results for each volume fraction using Gradation B

Volume Fraction Avg. Runtime + Std. Avg. Runtime Control + Avg. Speedup
Dev. (hrs) Std. Dev. (hrs)

20 % 0.03 + 0.001 0.11 +0.02 34

30 % 0.16 +£0.02 1.08 £ 0.14 6.7

40 % 292+ 1.1 36.9+ 8.5 12.6

Table 4: Runtime and improvement results for each volume fraction using Gradation C

Volume Fraction Avg. Runtime + Std. Avg. Runtime Control + Avg. Speedup
Dev. (hrs) Std. Dev. (hrs)

20 % 0.11 £ 0.003 0.42 +0.015 3.8

30 % 0.54 £0.11 43 +£0.89 7.9

40 % 1037 + 1.8 91.3+253 8.8

Table 5: Runtime and improvement results for each volume fraction using Gradation D

Volume Fraction Avg. Runtime = Std. Avg. Runtime Control + Avg. Speedup
Dev. (hrs) Std. Dev. (hrs)

20 % 0.15 + 0.004 0.52 + 0.02 34

30 % 0.68 + 0.014 4.6 £0.77 6.7

40 % 9.52+0.2 98.9+7.5 10.3
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The speedup values for each volume fraction and gradation are shown together in Figure[I2] where gradations A
and B are the coarser gradations and C and D are the finer gradations. The average speedup demonstrated across the
four gradations is 3.6, 7.2, and 10.0 for the 20 %, 30 %, and 40 % volume fractions, respectively. While the plotting
code executes serially, the plotting time is, on average, reduced by over 70 % in the lowest volume fraction and over
85 % in the higher volume fractions by utilizing an asperity-based overlap detection algorithm. It can be seen that
the average time to generate the microstructure increases with the fineness of the particle size gradation, which can
be directly linked to the number of particles placed in order to reach the desired volume fraction. Furthermore, the
relative speedup values for the higher volume fractions are greater than the lower volume fractions, which is the result
of more particles plotted, and thus more overlap checks, to reach the desired volume fraction. Also, for lower volume
fractions, it is increasingly likely that the bounding sphere overlap checks will suffice to show that a particle to be
placed does not overlap any existing particle. As more particles are placed, at higher volume fractions, the aggregates
on average will be closer together, meaning that the bounding sphere overlap checks will show potential overlap with
a higher number of particles. Therefore, at higher volume fractions, speedup is increasingly dominated by the speed
difference between the asperity check and the brute force check.
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Figure 12: Combined speedup data of each volume fraction and particle size gradation

When reaching high percentages of runtime reduction, a small percentage difference can result in a large difference
in speedup values. The relationship between the percentage reduction and speedup is

Percentage difference = 100 = (1 — ;), (10)
Speedup

meaning that high values of speedup don’t yield large changes to the percentage due to the reciprocal relationship. As
a result, this can lead to the appearance of a speedup difference between data sets when the percentage difference is
actually small. For example, consider the average speedup values of gradations A and B for the 40 % microstructure
generations. Gradation A has a speedup of 8.5, correlating to a percentage reduction of runtime of 88.2 %. Gradation
B averages a speedup of 12.6, giving a percent reduction of runtime of 92.1 %. This difference of speedup values is
4.1, giving the appearance of a substantial difference, however the percentage reduction of runtime difference is 3.9
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Table 6: Average percentage reduction in time to generate a microstructure for each volume fraction and particle size gradation combination

Gradation 20 % 30 % 40 %

73.1% 869 % 88.2%
70.1% 850% 92.1%
734% 874 % 88.6%
709 % 85.1% 90.4 %

oaQwy

%. In order to most accurately represent the data, both the speedup values and percentage reduction of runtime values
are presented in this paper. Figure [I3] visualizes the similarity in the percentage reductions for each gradation and
volume fraction. These data are the same as that of Figure[0] however it is presented in terms of percentage reduction
in runtime to provide perspective on the gaps in the speedup values between the gradations.
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Figure 13: Average percentage reduction in runtime for each volume fraction and particle size gradation

7.3. Proportion of Overlap Detection Methods

While the improvements in efficiency due to the addition of the asperity check are clear, to better understand
these improvements, counters for the proportion of overlap detected by each of the three filters were added to the
code to track each instance of overlap detection. The data collected from these counters are given in Table [7] where
the average proportion of overlap detected by each of the three overlap detection methods implemented in this code
is presented at a volume fraction of 40 %. The data are taken as a simple average of overlap detection counters.
The minimum proportion of overlap detected through the asperity-radii comparison is 86.4 %, confirming that this
approach is highly effective. The proportion of overlap that makes its way to the brute force check is very low, at a
maximum of 0.6 %. This data explains why the reductions in runtime given in Figure [T3]are so substantial.
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Table 7: Average proportion of overlap detected by each filter and average number of overlap instances detected for each particle placed in a 40 %
volume fraction microstructure generated with gradations A-D

Gradation Minimum Radii Asperity Check Brute Force Mean Num- Median Number
ber of Overlap of Overlap Detec-
Detections  per tions per Particle

Particle
A 13.1 % 86.4 % 0.5 % 121 32
B 133 % 86.5 % 0.2 % 440 48
C 10.7 % 89.2 % 0.1 % 258 53
D 12.8 % 86.6 % 0.6 % 376 49

Additionally, mean and median number of overlap instances detected for each particle are given in Table[7} Given
the large difference in the mean and median values, to more thoroughly understand the data, the number of overlap
detections for each particle is presented in Figure [I4] where the number of overlap detections is considered to be the
number of tries to place the particle as it is placed into the domain. A notable difference between the placement tries
required for coarse gradations, A and B, and the finer gradations, C and D, can be seen. In Figure the coarser
gradations result in a smaller number of larger spaces in the microstructure, have a lower number of placement
attempts for particles in size range #4, the smallest size range, than that of size range #2 and #3. The opposite is true
of the finer gradations where it can be seen that the number of placement tries increases sharply for particles in size
range #4. This is reasoned to be due to the high number of large particles placed in the domain in gradations A and
B, making it easier to place the final, smallest aggregates. Due to the higher number of large particles in gradations
A and B, there are overall fewer particles needed to reach the desired volume fraction in the coarse gradations than
in the finer gradations. Furthermore, the finer gradations have a higher number of smaller particles from the smallest
size range size that generate many smaller spaces in the microstructure, making the placement of the smallest particles
more difficult because there are so many of them. It is the placement of these small particles that is the most time
consuming due to the challenge of finding a vacant 3D space in the microstructure that is large enough and of suitable
orientation such that the particle does not overlap with any neighbors.
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Figure 14: The number of overlap events detected for each particle placed in the domain for one microstructure of 40 % volume fraction for
gradations A a), B b), C ¢), and D d).

8. Summary

As demonstrated, the asperity check substantially reduces the runtime to generate a microstructure of realistic
volume fractions, averaging a runtime 10x faster than the control code for a 40 % particle volume fraction. The
particles used in this study were reconstructions of gravel, however this approach is useful for any type of particle
described by any analytical function with a real second derivative or with otherwise identifiable surface asperities. The
code used in this work places particles serially; additional improvements in efficiency would be seen if at least some
of the code could be executed in parallel. Additional future work could look at the impact of various shape parameters
on the efficiency improvements to determine what kinds of particles are best suited to this method. The value of n,,,,
used during asperity detection was shown to not play an impactful role on the level of efficiency improvement but
more work needed to more fully understand if there is a link between particle morphology and level of efficiency
improvement. The following conclusions can be drawn from this work:

e Particles described by analytical functions can be assessed for the detection of surface asperities

¢ In the spherical harmonics reconstruction of the particles used in this work, the n,,,, value used during asperity
detection did not play a large role in the computational runtime during the generation of 40 % volume fraction
microstructure.
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e Using the asperity detection algorithm, the reduction in runtimes were more than 85 % for microstructures
containing greater than 30 % volume fraction coarse particles.

e The speedup values increase with increasing volume fraction. The average speedup values were 3.6, 7.2, and
10.0 for the 20 %, 30 % and 40 % volume fractions, respectively, averaged over the four particle size gradations
studied.

e The asperity check detected between an average of 85 % and 90 % of all particle-particle overlap in 40 %
volume fraction microstructures of each gradation. Less than 1 % made it to the much less efficient brute force
check
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