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ABSTRACT

Recently it became increasingly evident that the statistical distributions of size and shape descriptors of
sedimentary particles reveal crucial information on their evolution and may even carry the fingerprints
of their provenance as fragments. However, to unlock this trove of information, measurement of
traditional geophysical shape descriptors (mostly detectable on 2D projections) is not sufficient; fully
spherical 3D imaging and mathematical algorithms suitable to extract new types of inherently 3D shape
descriptors are necessary. Available 3D imaging technologies force users to choose either speed or full
sphericity. Only partial morphological information can be extracted in the absence of the latter (e.g.,
LIDAR imaging). In the case of fully spherical imaging, speed was proved to be prohibitive for obtaining
meaningful statistical samples, and inherently 3D shape descriptors were not extracted. Here we present
a new method by complementing a commercial, portable 3D scanner with simple hardware to quickly
obtain fully spherical 3D datasets from large collections of sedimentary particles. We also present
software for the automated extraction of 3D shapes and automated measurement of inherently 3D-
shape properties. This technique allows for examining large samples without the need for transportation
or storage of the samples, and it may also facilitate the collaboration of geographically distant research
groups. We validated our software on a large sample of pebbles by comparing previously hand-
measured parameters with the results of automated shape analysis. We also tested our hardware and
software tools on a large pebble sample in Kawakawa Bay, New Zealand.
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INTRODUCTION

Since at least the seminal paper of Zingg (1935) it is widely recognized that the shape of
sedimentary particles carries highly relevant information based on which essential parts of
their evolutionary history may be reconstructed. Theoretical results and mathematical
models of abrasion processes show that analysis of the shape of rocks may answer questions
related to their place of origin and travel distance, and it can also reveal details of the abrasive
forces that contributed to the final geometry (Szabó et al., 2015; Domokos et al., 2015, 2017;
Novák-Szabó et al., 2018). On the one hand, this long tradition permits the comparison of
datasets measured decades apart; on the other hand, it also narrows the list of shape de-
scriptors, which scientists tend to prefer, for the very reason of comparability. It may be
related to this long tradition and the desire to obtain results comparable with the literature,
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that shape measurement is almost exclusively restricted to
classical, two-dimensional shape descriptors, such as axis
ratios, roundness (Wentworth, 1923; Wolman, 1954) and
descriptors derived from these quantities. Axis ratios are c/a
and b/a, where a is the longest axis, b is the second longest
axis in the perpendicular direction and c is the third longest
axis perpendicular to the other two directions. The round-
ness is the isoperimetric ratio of the largest planar projection
of the object

Ip ¼ C2
p

4πAp
; (1)

where Cp is the circumference and Ap is the area of the
planar projection, and it expresses how close the projection
is to a circle. Traditional measurement techniques often
incorporate personal factors or rely on the verbal charac-
terization of the shape (Wentworth, 1923; Boggs, 2001) to
approximate these values.

However, restricting the measurements to two-dimen-
sional properties results in the loss of information regarding
the total shape. The roundness might tell that the largest
planar projection is close to a circle, but the shape can still be
far from being a sphere. Although the three-dimensional
isoperimetric ratio

I ¼ A3

36πV2
; (2)

expresses how close the shape is to a sphere more accurately
by implying the volume V and surface area A of the object,
the measurement of the latter is not straightforward. The
number of stable (S) and unstable (U) mechanical equilibria
of a particle as a shape descriptor gained significant atten-
tion recently (Domokos et al., 2009; Miller et al., 2014;
Domokos et al., 2015; Novák-Szabó et al., 2018). They ex-
press the number of resting points of an object, and they are
three-dimensional properties in the sense that they cannot
be recovered from planar projections of the object. Lying on
a stable equilibrium point, the object responds to small
perturbations by returning to its original position. On the
contrary, any small perturbation of an object lying on an
unstable equilibrium point is amplified and the object rolls
away from its original position. As a result, S and U can be
counted easily by hand, and they also have a rich mathe-
matical literature (Grayson, 1987; Domokos et al., 2015;
Domokos and Lángi, 2019). Based on the latter, we can
make predictions for the evolution of S and U under abra-
sion processes, and therefore they can be used to understand
the history of a pebble. One of the most widespread math-
ematical models of abrasion is proposed by Firey (1974), in
which the abrasion depends on the curvature of the object.
We know from Domokos (2015) that the number of
balance points of the pebbles is monotonic under curvature-
dependent mathematical models of abrasion. The qualitative
behavior of these parameters is insensitive to both the
model parameters and the measurement errors. However,
the inaccuracy of the hand measurements is larger for U
than for S, and it is a characteristic of the experimenter

(Domokos et al., 2012a, b). As a result, the accuracy of the
measurements can be increased by carrying out all the
measurements by one person or by evaluating the particles
automatically by computer software.

Previously, the technical complexity and impracticality
of three-dimensional measurements resulted in the
compromise of restricting the analysis to two-dimensional
parameters (Hayakawa and Oguchi, 2005; Roussillon et al.,
2009). We aimed to overcome the technical problems of
three-dimensional measurements by offering a method that
quickly creates a fully spherical three-dimensional scan of
the particle and analyses its shape automatically. Moreover,
it is also beneficial to completely replace hand measurements
– even the two-dimensional ones – with automated shape
analysis to avoid personal bias and speed up the data
acquisition. Recording and storing three-dimensional ge-
ometries have numerous advantages in terms of collabora-
tion with other researchers or groups and even later
investigations of novel theories of the same dataset.
Furthermore, in some special cases, such as abrasion ex-
periments in a flume (Attal and Lavé, 2009) or a rotating
drum (Imre et al., 2010), and pebble transport field experi-
ments (Grottoli et al., 2019), the shape of the specimen
changes during the experiment. Capturing the change re-
quires measuring the shape properties at multiple different
stages of the experiment.

The most precise way to record the shape is to create a
fully spherical three-dimensional scanning which can be
later used to extract any two- or three-dimensional shape
parameters. Recently, several works appeared aiming to
reduce subjectivity by automatically calculating shape
properties from 2D digital images of the particles (Roussil-
lon et al., 2009; Durian et al., 2007; Cassel et al., 2018; Cheng
et al., 2018), 3D laser scanning (Hayakawa and Oguchi,
2005; Anochie-Boateng et al., 2013) or X-ray CT (Deiros
Quintanilla et al., 2019). Development in sensors and 3D
cameras induced a technological revolution in shape detec-
tion in many fields, from the poultry industry (Chan et al.,
2018) to ballast in railway track structures (Anochie-Boateng
et al., 2013). 3D scanning was successfully applied in geology
for the analysis of rocks. Among the obvious advantages of
these techniques, most papers reported some drawbacks
compared to hand measurements. The workflow usually
starts with collecting the samples and transporting them to
the laboratory to scan. The scanning involves capturing the
object in different positions and merging the resulting sur-
faces in a postprocessing step to obtain the full 3D shape. In
the case of former geometry reconstruction techniques, a
series of photos or partial scans need to be taken of the
pebbles placed on flat surfaces from different angles before
the assembly of the final geometry. Unfortunately, the
merging procedure is not straightforward and usually has to
be done manually, which is often extremely time-consuming
due to removing the undesired surfaces attached to the
pebble geometry. Moreover, most handheld scanners often
suffer from issues when recording small objects and easily
lose track of pebbles under a certain size. There are
numerous options for 3D scanning, and most of them
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require a well-prepared laboratory environment. Profes-
sional scanners are usually limited in portability, relatively
expensive, and developed for scanning one object at a time,
aiming for high precision. There exist techniques aiming at
portability that do not require costly devices. Such a method
is the surface reconstruction from photo sequences taken
from different directions of the object, which is a technique
unsuitable for capturing hundreds of specimens. There is a
trade-off between portability and the amount of work
needed to obtain the final image. Obtaining fully spherical
scans of the objects is relatively slow, and taking the post-
processing into account, it can take weeks to capture a sta-
tistically significant number of specimens.

The purpose of our work is twofold. Firstly, we intro-
duce a new workflow of 3D scanning that solves many of
the issues regarding the 3D analysis of rocks and allows for
the fast and automated extraction of 3D-shape data of large
sets of samples. Secondly, we combine the technique with
our algorithm to analyze a point cloud captured from the
object and computationally determine its inherently three-
dimensional shape properties. Our method is based on a
portable scanner Structure Sensor Mark I, and software
built on a recently published algorithm (Ludmány and
Domokos, 2018) to analyze the point cloud. We utilize the
fact that the algorithm works with the convex envelope of
the point cloud and a polygonal approximation. As a result,
it is unnecessary to aim for extremely high precision during

the scanning, and the quality of simple portable scanners is
satisfactory. The main advantage of our technique is that
there is no need to transport the samples and store them
for further analysis in the laboratory; hundreds of them can
be captured in a few days near their origin, and the
resulting 3D images can be analyzed later by the software.
Such a technique could advocate data sharing and collab-
oration between experimental and theoretical groups. The
structure of our paper is the following: in Section “Meth-
odology”, we introduce the scanning process and the
remarkably short postprocessing resulting in the 3D point
cloud, and the software carrying out the shape analysis is
described in detail. Section “Benchmark” is devoted to
validating the technique on a reference set of specimens
and comparing hand-measured data to the computed shape
properties. In Section “Field study”, we illustrate the
robustness of the method in a field-measurements at
Kawakawa Bay, New Zealand. Finally, we summarize our
results in Section “Conclusions”.

METHODOLOGY

Our approach consists of a scanning technique that allows
for the fully spherical scanning of a large set of samples and
a postprocessing step to bulk evaluate their shape proper-
ties (Fig. 1).

Fig. 1. Overview of the approach to obtain fully spherical geometry and carry out the automated shape analysis. The scanning process
consists of scanning the sample lying on an invisible web and its environment, followed by the automated extraction of the shape. In the
postprocessing step, we extract the 3D shape descriptors by analyzing the convex hull of the surface
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Hardware

The hardware layout consists of one tripod equipped with a
rotating head and webs for the sample and another tripod
with a crane mechanism to hold the scanner (Figs 2–3).

We aimed at elaborating a scanning technique that al-
lows the uninterrupted scanning of pebbles resulting in a
seamless geometry without any manual postprocessing. The
sample should be fixed so that the entire surface is visible;
hence, there is no need to scan different sides separately and
merge at the end. One of the most crucial questions is how
the pebble should be fixed in space without even a small part

of its surface being covered by the holder. To overcome this
problem, we constructed a holder of two 0.25 x 0.25 m
frames with tight webs (Fig. 3). As long as the strings
forming the webs are thin enough to be invisible to the
scanner device, the frames manage to hold the pebble sta-
tionary, leaving plenty of space for the observer to scan each
side. The frames are placed on a tripod equipped with a
rotating head. The scanner we used does not have a built-in
gyroscope or accelerometer, and it computes its relative
spatial position and orientation merely based on the recor-
ded three-dimensional point cloud. Therefore, to facilitate a
robust and accurate orientation, we placed four spherical
foam balls over the frames providing sufficiently large
reference surfaces for the orientation regardless of the pebble
size. The domain is automatically attached to the rotating
frames without global reference points. Note that, in the case
of newer scanners that might be equipped with an Inertial
Measurement Unit, these reference points are not necessary.

We designed the assembly to be rotated smoothly on a
tripod. The scanner is fixed on a tripod equipped with a
camera crane. It is crucial for the scanner never to lose track
of the pebble during the scanning process. Hence the crane
is designed to move the scanner so that the sample always
remains in the center of the view regardless of the crane
angle. As Fig. 4 shows, the scanner defines a scanning
domain in which it generates the geometry based on the
distance field, while everything outside the domain is
completely ignored. After the scanning process is initiated, it
is essential for the successful scanning to never let the
domain out of sight of the scanner.

After fixing the pebble in the frame, the scanning can be
performed in one continuous session using the Structure
Sensor Mark I scanner. The scanning starts at the upper

Fig. 2. Side view of the hardware layout. The left tripod is equipped with a rotating head and two webs invisible for the scanner to fix the
specimen. Reference spheres enrich the scene to support the scanner’s orientation. The right tripod carries a crane mechanism to hold
the scanner, which can move up and down along a curved path so that it always faces the scene. A portable computer is connected to the
scanner to record the geometry. A full 3608 rotation of the specimen is allowed by the rotating head on the left tripod, while the scanner can
move up and down while not losing sight of the specimen. The combination of these two motions allows for a fully spherical scanning

Fig. 3. Layout of the hardware that allows for a fully spherical
scanning. Two webs carry the specimen, and a crane mechanism
holds the scanner and ensures smooth motion without losing sight
of the object
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position of the crane, and after a full 360-degree rotation of
the sample, the crane moves downwards, which is followed
by a second 360-degree turn of the sample. This method
ensures that every side of the sample is captured. The
scanner is connected to a computer running Skanect Pro,
recording the geometry.

Finally, the geometry containing the sample and its
surroundings with the frame of the web and the reference
spheres are exported to stereolithography format. Since the
web remains invisible, the pebble geometry is independent
of its surroundings, and the pebble can be easily extracted by
a suitable algorithm for automation. With this procedure,
one pebble can be scanned in under two minutes. The new
scanning technique is compared to the existing methods in
Table 1. Although the proposed method for fully spherical
scanning defeats existing methods in terms of portability,
speed, and price, portable scanners are expected to create
point clouds of lower quality for small specimen sizes
compared to a fixed laser scanner or CT, X-ray technologies.
We will show in Section “Benchmark” that the size limit of a
sample for Structure Sensor Mark I. was 1,000 mm3. A video
demonstration of the new method is available at Fehér
et al., (2020).

Software

Although there exist approaches to analyze a 3D scanned
geometry (Hayakawa and Oguchi, 2005; Deiros Quintanilla
et al., 2019), they are unable to extract the number of stable
and unstable equilibrium points. Our software is based on
the algorithm of Ludmány and Domokos (2018) and avail-
able in Ludmány (2020b). It aims to automatically measure
traditional three-dimensional shape properties and the
number of equilibrium points.

The scanning process results in a triangulated point
cloud, a polyhedral approximation of the surface. Since the
number of equilibrium points is defined for the convex hull
of the body, the faces of the input files are ignored, and a
triangulated convex hull of the points is constructed right
away (Fig. 5). We consider the homogeneous body bounded
by the convex hull with the origin at its center of mass. We
define the boundary surface in spherical coordinates rðϑ;φÞ,
where r is the radial distance of the boundary point
measured from the reference point, ϑ and φ are the polar
and azimuthal angles, respectively. The equilibrium points
are the extreme values of the radial distance function of the
convex hull.

It was shown by Domokos et al. (2012 a, b) that a
polyhedral approximation of a surface results in artificial
equilibrium points. We overcome this problem by intro-
ducing a new definition of the equilibrium points on the
contour representation of the triangulated surface. The al-
gorithm calculates level sets of the radial distance function
from the reference point to the convex hull and represents
the body by M contour lines enclosing points lying at least at
a distance si, where i 5 1,…,M. The reference point is the
centroid of the convex hull by default. The equilibrium
points are represented by contour lines that do not contain
contour lines with an area larger than ρ percent of the total
surface area. Parameters M and ρ provide smoothing of the
surface to avoid the effects of the polyhedral approximation
of the body and the imperfections coming from the scanning
process. Increasing ρ and decreasing M both increase the
smoothness of the surface in terms of the equilibrium points.
Both M and ρ are input parameters of the algorithm.

The center of mass of the real object can differ from the
centroid of its convex hull for concave shapes or inhomo-
geneous objects. The software can take multiple reference
points to consider the uncertainties. It takes m number of
reference points distributed uniformly inside a sphere
of radius R around the centroid and calculates the number of
stable and unstable points for each one. It is possible to
calculate the minimum, maximum, or average of these
values, which we refer to as the aggregation method. Apart
from the number of equilibrium points, the algorithm cal-
culates multiple two- and three-dimensional geometrical
properties of the convex hull. Instead of calculating the
isoperimetric ratios defined in the introduction, the software
calculates their normalized inverse, which lies between 0 and
1. If a two-dimensional shape is close to a circle, the
normalized inverse of its isoperimetric ratio becomes close

Fig. 4. The position and dimensions of the scanning domain;
dz ¼ 0 : 8 m; lx ¼ ly ¼ lz ¼ 0:5 m

Table 1. Comparison of the existing techniques and the proposed method in terms of portability, recording and postprocessing speed, and price

Technique Portability Recording speed
Postprocessing

speed Price References

fixed 3D scanner – slow (30 min) slow (30 min) expensive Hayakawa and Oguchi (2005),
Anochie-Boateng et al. (2013)

3D from 2D photos x slow (40–200 images) slow (1 h) cheap Tomasi and Kanade (1992)
CT, X-ray – slow (7 particle/day) fast very expensive Deiros Quintanilla et al. (2019)
proposed method x fast (2 min) fast (1 min) cheap
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to 1. Similarly, when the normalized inverse of the three-
dimensional isoperimetric ratio is close to 1, it means that
the shape is close to the sphere. The two-dimensional data
are calculated for the planar projection of the convex hull,
which has the largest possible area. The two-dimensional
outputs are the following:

� circumference (Cp) and area (Ap) of the planar projection
� the longest axis (ap), and the second longest (bp) in the

perpendicular direction of the planar projection
� normalized inverse of the two-dimensional isoperimetric

ratio of the planar projection
�
Ip ¼ 4πAp

C2
p

�

� normalized inverse of the two-dimensional isoperimetric

ratio of an ellipse with axes ap and bp
�
Ipe ¼ 4πapbpπ

Cpe

�
,

where Cpe is the circumference of the ellipse

Three-dimensional outputs:

� the number of stable (S) and unstable (U) equilibrium
points

� surface area (A) and volume (V) of the convex hull
� longest (a), second-longest perpendicular to the longest

(b) and third longest axis perpendicular to the other two
(c) and their ratios (c/a, b/a)

� normalized inverse of the three-dimensional isoperimetric

ratio of the convex hull
�
I ¼ 36πV2

A3

�

� normalized inverse of the three-dimensional isoperimetric

ratio of an ellipsoid with axes a, b, c (Ie ¼ 36πV2
e

A3
e
, where Ae

and Ve are the surface area and the volume of the ellip-
soid, respectively).

There are two modes of operation: the user can either
open a single file or a batch of files. In the first case, the

convex hull is displayed in a 3D viewer, and the equilibrium
points found by the algorithm are visualized. This allows for
the rapid and straightforward comparison of the scanned
geometry with the real object. The second mode is a bulk
evaluation of multiple files using predefined values of the
input parameters M, ρ, m, R in a batch file (in CSV format).
In the case of m 5 R 5 0 the reference point is the centroid;
otherwise, an aggregation method is also required. The re-
sults can be saved in CSV format, and the statistical analysis
can be carried out separately. The computation is paral-
lelized, and depending on the parameters and the number of
pebbles, it takes only a few minutes. The computer program
presented here is merely a user-friendly graphical interface
on top of the algorithm, which is separated in a function
library available in Ludmány (2020a). This technology can
be easily integrated into any other application.

BENCHMARK

We fitted the input parameters of the software to hand-
measured data of 367 pebbles and fragments from various
locations, including different rock types and colors. From
the output parameters of the algorithm listed in Section
“Software”, we restricted the benchmark test on a, b, c, S, U,
which can be measured reliably. One person carried out the
hand measurements under laboratory conditions for con-
sistency. We scanned the specimens with the method
described in Section “Hardware” and evaluated the geome-
tries with the algorithm using different parameter combi-
nations of M, ρ, m, R. Firstly the a, b, c values were used to
check the scanning quality since they are independent of the
input parameters and cannot be improved. Since the

Fig. 5. Algorithm to calculate the number of equilibrium points from a three-dimensional geometry. The convex hull of the pebble geometry
is represented by black lines. The algorithm calculates the contour lines (blue curves) considering the ith reference point. The stable and
unstable equilibrium points lie inside the green and red contour lines, respectively. Counting these contour lines results in Si and Ui. The
steps are repeated for all reference points and an aggregation method is used to find the final S and U
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uncertainty in the hand measurement of U is larger than for
S, we fitted the input parameters to the measured number of
stable equilibrium points and expected a higher difference
for U. We defined two error norms:

eS ¼ 1
N

XN

i¼1

��Smi � Sci
��

Smi
; (3)

eU ¼ 1
N

XN

i¼1

��Um
i � Uc

i

��
Um
i

; (4)

eS ¼
��PN

i¼1S
m
i �PN

i¼1S
c
i

��
PN

i¼1S
m
i

; (5)

eU ¼
��PN

i¼1U
m
i �PN

i¼1U
c
i

��
PN

i¼1U
m
i

; (6)

where eS, eU are the average of the errors, sample by sample,
and eS; eU are the errors of the average for a set of N
pebbles. For statistical analysis, the average error is more
relevant.

Six different sets of pebbles (A1, C1, K1, N1, TA1, T2)
and 1 set of fragments (F) were analyzed and evaluated using
the same parameter combinations. By comparing a, b, c, the
limits of the scanner were also tested: samples that were too
small resulted in significant differences in a, b, c; as a result,
we limited the volume to V 5 1,000 mm3. The size of the
samples ranged from 1,000 to 21,000 mm3. The best fit of the
parameters was M 5 200, ρ 5 0.05, m 5 10, R 5 0.001,

which resulted in good agreement between the measure-
ments and computations for pebbles.

The measured axis lengths are plotted against their
computed values in the histograms of Fig. 6. Based on the
definition of the axis lengths (see Section “Software”), we
expect the best agreement for the longest axis length (a) and
the worst for the third axis length (c), which is relatively
hard to find by hand measurement. The spread is larger in
Fig. 6 c) than in Fig. 6 a) in agreement with our expectations.

Table 2 summarizes the S, U data and Fig. 7 shows the error
of the averages for each set. Note that S and U are integral
numbers, so the error can be relatively high. Due to the aver-
aging evaluation, we expect that the method will not detect
extremities, e.g., it would not detect monostatic bodies. How-
ever, due to the uncertainty in the exact location of the centroid,
the consideration of multiple reference points is inevitable. As
we can see in Fig. 7, the error is relatively high in the case of
fragments (set F), which can be attributed to the precision of the
scanner. According to the manufacturer, the precision is 0.5mm
in the best possible case. The scanner did not capture the edges
of the fragments appropriately, leading to a loss of equilibrium
points. Nevertheless, portable scanners are continuously pro-
gressing, and we expect better agreement in the future.

FIELD STUDY

We demonstrate the robustness of the technique on beach
pebbles from Kawakawa Bay, New Zealand (Fig. 8).

Fig. 6. Computed axis lengths against their measured values. The color shows the number of pebbles lying in the specified bin of the 2D
histogram. The comparison includes all 367 pebbles and fragments. a) b)

Table 2. The computed and measured averages of the S and U values and the errors in percentage. Std is the standard deviation of the error
for each individual pebble and N is the number of specimens in the set

sample S
c

S
m

std(S) U
c

U
m

std(U) eS½%� eU ½%� eS½%� eU ½%� N

A1 4.26 4.63 0.98649 3.35 3.94 0.73835 22.98 27.51 7.84 12.7 16
C1 3.67 4.17 0.76444 3.4 3.26 0.61465 22.99 15.01 11.89 3.37 42
F 3.91 4.81 1.0982 5.36 5.62 1.0069 24.03 21.47 18.82 5.49 53
K1 2.75 2.35 0.83028 3.19 2.77 1.1825 26.75 27.08 16.81 17.79 48
N1 2.49 2.5 0.60763 2.66 2.68 0.6995 13.1 13.28 0.21 0.84 76
T2 3.78 3.98 1.0473 3.24 3.18 0.70482 24.84 26.37 4.97 1.68 45
TA1 2.9 3.88 0.79303 3.48 3.82 0.74364 25.2 16.34 25.21 8.74 49
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We performed the technique of Wolman (1954) for col-
lecting 20–40 randomly chosen pebbles at each location.
Firstly, we chose two locations and appointed measurement
points lying at approximately equal distances along a line. A
measurement point represented a line segment parallel to
the coastline. The collecting person was moving from side to
side, and the collecting process stopped when a satisfactory

number of pebbles was obtained. We scanned the collected
samples with the proposed method and evaluated the ge-
ometries using the input parameters determined in Section
“Benchmark” (Fig. 9 and 10).

Location A consisted of six measurement points lying
approximately 8 m away from each other in the direction
perpendicular to the coastline. The pebbles were slightly

Fig. 7. Average of the computed and measured number of stable and unstable equilibrium points for seven sets of samples using the best
parameter combinations. a) Comparison of S. b) Comparison of U

Fig. 8. Kawakawa Bay, New Zealand. a) Location A and B. b) Map of New Zealand with Kawakawa Bay highlighted by a red square. c) A
photograph of Kawakawa Bay at Location B
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embedded in the sand. We marked some of them, and
during 3–4 sunny days, most of the marked pebbles main-
tained their positions. We found fragments at location A1
near the coast and rounded pebbles at location A6, but there
was no visible difference between them in terms of size
distribution. We conjectured that the particles along Loca-
tion A have the same origin, but those that are lying farther
from the coast have small sharp edges and corners eroded.
Otherwise, we expected no significant difference between
rocks along the line. The analysis supported our expecta-
tions. The aspect ratios c/a, b/a, and S stayed approximately
constant along the line, but U decreased, and I increased
(Fig. 9). The number of samples was 20–30 at each location;
the size distribution was between 11,500 and 108,000 mm3.

Location B consisted of five points lying approximately
38 m away from each other. The path was also perpendicular
to the coastline. Subjective comparison of the pebbles of
locations B1 and B5 suggested that the latter are more
abraded. At location B5, the number of elongated pebbles
seemed to be significantly higher compared to location B1
based on visual inspection. The scanning analysis proved
this assumption. Both the aspect ratios decreased, meaning
that the two sizes of the pebbles decreased more than the
longest size, leading to an elongated geometry. Subsequently,
I also decreased with S and U decreasing (Fig.10). The
number of specimens was 15–30, and the size distribution
was between 5,000 and 170,000 mm3.

Although the benchmark test in Section “Benchmark”
showed that using the Structure Sensor Mark I, sharp edges
cannot be recorded and results in a slightly decreased S and
U; using this technique, we managed to capture the gradual
changes at both locations. We collected and scanned
approximately 400 pebbles and fragments in three days
without the need to transport the pebbles to the laboratory.
Moreover, the dataset is available for further analysis.

CONCLUSIONS

A new, rapid scanning technique was introduced to create a
fully spherical scan of pebbles and fragments. We also pre-
sented our software to evaluate the shape properties of the
scanned objects and replace hand measurements.

Introducing portable scanners to geologic applications
makes it unnecessary to transport the collected samples to the
laboratory. Moreover, the postprocessing takes only a few
minutes using the suggested setup, and it can be easily auto-
mated. Two- and three-dimensional shape properties, such as
the axis ratios, the inverse of the isoperimetric ratios, and the
number of static equilibria, are evaluated using the convex hull
of the point cloud representing the surface with contour lines.
The technique is proved to be an excellent alternative to hand
measurements. We expect accelerated development on the
hardware side. Structure Sensor Pro is already available, and
the compatible Skanect Pro version is on the go, extending the
range of scannable pebble sizes and providing better precision
for fragments. It is also expected that this measurement tech-
nique would encourage collaborations between international

Fig. 9. Shape properties were evaluated on the scanned geometries
of the samples collected from six measurement points of Location
A. Location A1 is the closest to the coast. The results show that
from locations A1 to A6, the particles gradually change their shape.
The number of unstable equilibrium points decreases, the iso-
perimetric ratio increases, and the other parameters stay approxi-
mately constant

Fig. 10. Shape properties were evaluated on the scanned geometries
of the samples collected from five measurement points of location
B. The decrease in all the measured shape properties shows that.
moving farther from the coast, the particles become elongated
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groups through easy data sharing and storing. As the mathe-
matical background of abrasion models and shape descriptors
develops, new perspectives might appear to be examined on
existing pebble geometries.

A possible extension of the method could be the scan-
ning of multiple pebbles simultaneously. If the scanner is
connected to an iPad, it can record the texture of the surface,
e.g., an ID written on the sample. This way, the digitalized
pebbles can be easily distinguished from each other. Struc-
ture Sensor Pro comes with a wide lens camera to record the
texture without an iPad connection. Depending on the size
of the pebble, it would be possible to scan 4–5 pebbles
simultaneously, which could significantly reduce the overall
scanning time.

Contribution

The steps of the 3D scanning process were developed by
authors Balázs Havasi-Tóth and Eszter Fehér, and Balázs
Ludmány developed the automated shape analysis algo-
rithm. The benchmark tests and the field study were carried
out by Balázs Havasi-Tóth and Eszter Fehér. All authors
contributed to writing of the document and interpreting the
results.
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Appendix A

GPS coordinates.
The GPS coordinates of the measurement points of the

field study are listed in Table A1 and Table A2.
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licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited, a link to the CC
License is provided, and changes – if any – are indicated. (SID_1)

Table A1: GPS coordinates of the measurement points at location A

ID latitude longitude

A1 36856049.100S 175809051.000E
A2 36856049.000S 175809050.900E
A3 36856048.700S 175809050.700E
A4 36856048.500S 175809050.500E
A5 36856048.300S 175809050.300E
A6 36856048.100S 175809050.200E

Table A2: GPS coordinates of the measurement points at location B

ID latitude longitude

B1 36856052.100S 175809055.300E
B2 36856051.400S 175809055.400E
B3 36856049.900S 175809056.200E
B4 36856048.700S 175809057.000E
B5 36856047.700S 175809057.600E
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