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Abstract.

A number of subjective and objective methods have been proposed, and are in use, to
determine the roundness of sedimentary rock particles. Roundness, which is one of three
properties describing the shape of a particle, is a measure of the extent to which the corners
and edges of a particle have been worn away.

The objective roundness measures are mainly based on the Fourier transform. In this
paper granulometric methods are proposed as alternative objective methods. In fact, we show
that even a single morphological opening with a disk of adequately chosen radius can provide
a roundness measure that is highly correlated with the “objective” roundness, as provided
by Krumbein’s chart [5]. In addition, we propose an efficient alternative method based on
a linear opening of the polar representation of the boundary of the particles considered. In
our experiments, both methods compared favorably with the Fourier transform method of
Diepenbroek et al. [3].

Key words: Fourier Transform, Granulometries, Krumbein chart, Morphology, Opening,
Roundness, Rock Particles.

1. Introduction

In order to construct a mathematical model of an observed phenomenon, one
first has to be able to measure that which is observed. This paper proposes
a method of measuring one of the shape properties of sedimentary particles
in order that the transportation history of those particles as well as of their
behavior in hydrodynamic systems can be modelled [5].

Three independent properties are typically used to describe the shape of a
particle [1]:
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Form describes the overall shape or sphericity of a particle; it is a measure of
the extent to which a particle approaches a sphere in shape.

Roundness is a measure of the extent to which the edges and corners of a
particle has been rounded.

Surface texture describes the markings on the surface of a particle.

A number of subjective as well as objective methods have been proposed to
determine the roundness of rock particles. Two alternative objective methods,
both based on morphological openings, are proposed in this paper.

Wadell [17] proposed that roundness be quantitatively defined as the ratio
of the mean radius of curvature of the corners to the radius of the maximum
inscribed circle: N

N 2iny Ti

R

where r; is the radius of curvature of the i-th corner and R is the radius of the
maximum inscribed circle. A number of other quantitative measures have been
proposed. However, it is only with the procedure proposed by Wadell [17] that
mean roundness can be measured.

A number of pebble comparison charts have also been developed to aid in
the determination of roundness. Examples of these charts are those proposed
by Krumbein [6], Powers [10], and Russell and Taylor [11]. Of the charts
available for visual estimation, Krumbein’s is preferred as it has the largest
number of roundness classes [1]. A subset of the Krumbein chart is shown in
Fig. 1. The argument for using the chart with the largest number of classes is
that it is closest to a continuous measure. It is however required that adjacent
classes be distinguishable [1]. The chart of Krumbein [6] consists of 81 profiles
divided into 9 roundness classes from 0.1 to 0.9. Each class therefore contains
9 profiles. (The profiles in Fig. 2 are representative of the rest of the chart.)

1.1. FOURIER BASED METHODS

A number of authors have proposed methods using the Fourier transform to
determine roundness [3, 4, 12]. The basic principle is to obtain coordinates on
the edge of the profile of the fragment being measured (See Fig. 2). A center
point is determined, and all the edge coordinates converted to polar coordinates
using the center point as origin. For example, the polar coordinates of the
fragments of Fig. 2 are shown in Fig. 3. The Fourier transform of the vector
of radii (p), or p-curve, is then calculated and the roundness determined from
the Fourier transform coefficients.

1.2. THE DIEPENBROEK METHOD

Diepenbroek et al [3] make use of the sum of the amplitudes of the first 24
coefficients of the Fourier transform. To compensate for different size rock
fragments, the coefficients are divided by the zero-th coefficient, that is, by the
mean radius of the rock fragment. The ellipse which best approximates the
outline of the rock fragment is obtained from the second Fourier coefficient.
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Fig. 1. Subset of Krumbein particle roundness/sphericity chart.

(a) (b)

Fig. 2. Profile of rock fragments with roundness values of (A) 0.1 and (B) 0.9.
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Fig. 3. Polar coordinates of the rock fragments in Fig. 2.
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Fig. 4. Correlation between the Diepenbroek and actual roundness values.

By subtracting this ellipse’s Fourier transform from that of the rock fragment
the method is made insensitive to sphericity. A further refinement, proposed
by Diepenbroek et al in [3], is an empirical method for removing the effects of
digitization or pixel noise.

The method of Diepenbroek et al was implemented and its results were
used in comparison against the results obtained with the proposed methods.
The 81 rock profiles of the comparison chart of Krumbein [6] provided the
test data we used in our experiments: after digitization and binarization, edge
pixel coordinates were turned into polar coordinates using the centroid (center
of mass) of each profile as origin. Interpolation was used to normalize the data
and obtain 1,024 polar coordinates with evenly spaced 6 values for each profile,
as is shown in Fig. 3.

The method of Diepenbroek et al was then applied using the first N coef-
ficients of the Fourier transform for N = 5,...,100. The correlation between
the Diepenbroek and the actual roundness values (as obtained from the digi-
tized chart) is shown in Fig. 4. This experiment gave empirical evidence that
using N = 5,...,24 provided the best correlation between the Diepenbroek
computed roundness and the actual roundness. The relationship between the
Diepenbroek roundness computed for N = 5,...,24 and the actual roundness
values is shown in Fig. 5. A correlation of 0.94 was obtained with this method.

2. Granulometric Roundness Analysis

The concept of a granulometry was introduced by George Matheron in the late
sixties as a new tool for studying porous media [8, 9]. The size of the pores in
such media was characterized using series of openings with structuring elements
of increasing size [13]. Since these early days, the properties of granulometries
have been studied in numerous papers. Granulometries have also been used in
a wide variety of image analysis tasks that include feature extraction, segmen-
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Fig. 5. Relationship between Diepenbroek-computed roundness and actual roundness, with
correlation of 0.94.

tation, texture description and size estimation (See [16] for some examples of
application).

Given a granulometric family of openings I' = (v),,_; x, performing the
granulometric analysis of a binary image I with I' typically consists of measur-
ing the area (i.e., number of pixels) of v,(I), for n = 1,..., N. The function
mapping every openings size n to the area of 7,,(I) can then be differentiated
and normalized, resulting in a curve that is often called granulometric curve or
pattern spectrum of I. The term “pattern spectrum” was coined by Maragos
in a 1989 a paper [7], and highlights the connection between Fourier analysis
and granulometries.

2.1. USE OF CIRCULAR OPENINGS

In this paper, given that our objective is to study particle roundness, we con-
sidered granulometries with (Euclidean) disks of increasing size. For the sake
of full disclosure, we should point out that the family of openings with dis-
crete approximation of Euclidean disks of increasing radius is not actually a
granulometry: indeed, if D,, represents the discrete approximation of a disk of
radius n, there are many values p, ¢ for which D,,, AZD, ® D,. However, this
approximation was sufficient for our purpose.

As input, we used the 81 digitized particle images of the Krumbein chart
[6]. Circular structuring elements with radii varying between 1 and that of the
largest inscribed circle of each particle were used. To speed up computation,
we did not go through a series of openings with disks of increasing size, but in-
stead, implemented a Euclidean extension to the openings function algorithms
proposed in [15]. The opening function for the particle Fig. 2a is shown in
Fig. 6.
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Fig. 6. Euclidean opening function for particle shown in Fig. 2a.
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Fig. 7. Granulometric curves (pattern spectra) of particle a (dotted line) and particle b
(solid line) in Fig. 2. Radius is given as a percentage of the radius of the largest inscribed
circle of each particle.

The unnormalized granulometric curve can be obtained by simple histogram-
ming of the opening function. The final pattern spectrum is then obtained by:
1. Normalizing the radii to take values between 1 and 100.
2. Normalizing granulometric values through division by the total area of the
particle.
The pattern spectra of the particles of Fig. 2 are shown in Fig. 7. In these
curves, the amplitude can be interpreted as the area by which each particle is
reduced through openings with disks of increasing radii.

As expected, these pattern spectra are very different. The curve for particle
A tends to take larger values for smaller radii, which reflects the more rugged
appearance of this particle’s boundary. On the other hand, the curve for par-
ticle B takes larger value for greater radii, which is consistent with the smooth
appearance of the particle.

Based on these curves, we experimented with simple classification schemes.
Without using classification techniques nearly as sophisticated as used in [14],
we were able to extract correct Krumbein roundness from pattern spectra with
an accuracy close to 100%.
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Fig. 8. Correlation between the area removed through opening with a disk and the Krumbein
roundness, as a function of disk radius, normalized between 0 and 100.

Additionally, we were curious to know how far we could go using a single
opening size. We did the following: for each radius IV in our normalized scale
[1;100], we computed the sum of the N first pattern spectra value. This is
nothing more than computing, for each N, the proportion of the original par-
ticle that is removed by opening of radius N%. We found that for N = 42, the
correlation between this value and the Krumbein roundness value was equal to
0.96. Furthermore, any value of N between approximately 30 and 60 resulted
in a correlation value greater or equal to 0.94. These results are shown in Fig. 8.

We can only conclude that, when it comes to roundness, all that the Krum-
bein chart really captures is the relative area of a particle that is removed
through opening with a disk of radius approximately equal to 40% or 50% of
the radius of the maximal inscribed disk.

Intuitively, the reason why openings with small disks do not correlate well
with the Krumbrein notion of roundness is because they mostly capture particle
boundary texture, and are sometimes overly sensitive to digitization artifacts.
On the other hand, when the radius of the disk approaches that of the maxi-
mal inscribed disk, then the method is too sensitive to sphericity. In fact, we
hypothesize that the traditional notion of particle sphericity (see § 1) is highly
correlated with the relative area that is removed through opening with the max-
imal inscribed disk. Furthermore, surface texture, which is the third property
typically used to describe particle shapes [1], could itself be characterized using
openings with smaller disks. We therefore believe that granulometric analysis
can be used as a means to extract all the essential properties associated with
rock particle shapes.



8 GUNTHER R. DREVIN AND LUC VINCENT

2.2. 1-D GRANULOMETRY ON POLAR COORDINATE CURVE

The roundness estimation method proposed in the previous section does not
involve the somewhat expensive step of computing a granulometric curve based
on openings with disks. Yet, it involves two nontrivial steps: (1) extraction of
the radius of the maximal inscribed disk, which can be done using a Euclidean
distance function algorithm (see, e.g., [2]); (2) opening with a fairly large disk.

We can speed this roundness estimation considerably by noticing that, for
the relatively simple particle shapes of the Krumbein chart, opening a particle
with a disk of radius r of the particle is roughly equivalent to opening the polar
coordinate representation of its outline, or p-curve (see Fig. 3) by a horizontal
line segment. Intuitively, all we are doing is working in the (p,6) polar co-
ordinate space, where a circle becomes a horizontal line segment. In general,
one cannot compute a circular opening as a linear opening of the p-curve: for
elongated shapes, nonconvex shapes, and any somewhat convoluted shape, this
process produces results that bare little similarity to circular openings. How-
ever, as we prove below, this method does provide a new roundness estimation
technique whose accuracy is on par with that of the method proposed in the
previous section.

The speed gain comes from the fact that, using this approach, we turned a
2D problem into a much simpler 1D problem: instead of computing a complex
morphological operation on a 2D image, we now only have to compute a simple
linear opening on a 1D image with, in our case, 1024 # samples (we use the same
input data as used by the Diepenbroek method, see § 1.2). Note that in order
to avoid undesirable edge effects, we have to account for the periodicity of the
polar coordinates by replicating the signal on the left and on the right—though
obviously, opening values are only measured over the [0; 1023] range.

Our segment lengths ranged from 1 to 1024, which is the length of the p-
curve R. Asexpected, and consistent with what was found using the 2D method
described in the previous section, our experiments showed that a single opening
size was sufficient to get excellent correlation with the Krumbein “groundtruth”
roundness. Specifically, for each [, 1 <1 < 1024, we opened the p-curve R with
a (horizontal) line segment of length [, thereby producing curve v;(R). We then
computed

o0 B(0) — n(R(6))
o0 R(O)

G(l) =

4

that is, the relative “volume” of the p-curve that is removed by opening of
length {. We then normalized the curve G(I) so the | values were in the range
[0;100]. This is consistent with what was done in the previous section.

As in § 2.1, we correlated for each [ the values G(I) obtained for all 81
particles with their Krumbein roundness value. We found that for values of [
anywhere between 30 and 70 (in the normalized scale [0;100]), there was an
excellent correlation of 0.9 or more. This is on par with the findings of the
previous section. Furthermore, as illustrated by Fig. 9, the correlation curve
we obtain now (correlation as a function of [, for 1 < < 100) is almost identical
to that previously obtained using circular openings.
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Fig. 9. Correlation curves for method based on 1D opening of polar coordinate profile
(dotted line), and method based on circular opening of particle shape. The curves are almost
identical and exhibit excellent correlation values in the [30;70] input range.

3. Results, Conclusion, Future Work

In practice, roundness is not only determined for individual particles but the
mean roundness values of populations of particles are also determined. The
Krumbein chart profiles were therefore divided into 9 populations with each
population consisting of profiles that have the same roundness values. The
mean roundness of each population was then determined using the different
methods. The correlation between the mean roundness and actual roundness
values are given in the following table in column CoMR. The correlation between
the individually determined roundness and actual roundness values are given
in column Corr.

Method Corr CoMR

Diepenbroek 0.94  0.967
Circular Opening 0.96  0.986
Linear Opening of p-curve 0.93  0.952

It is clear from this table that the results obtained with the two methods
we proposed in this paper are either comparable or slighly superior to those
obtained with the method of Diepenbroek et al [3]. Method #1 is slightly more
accurate, while method #2 is significantly faster. Overall, we believe that both
methods have the following advantages:

— Computational efficiency
— Accuracy
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— Possibility of extracting particle roundness, but also sphericity and surface
texture with the same method

The work reported here now needs to be followed with a more complete
study. Analytical formulas for obtaining roundness from openings of speci-
fied relative size should be derived, for both methods. Accuracy could also
be further improved by combining several opening sizes, that is, using more
than just 1 granulometric value (e.g., 30%, 50%, and 70%). Furthermore, the
study should be extended to encompass sphericity and surface texture. We en-
vision that these granulometric methods will provide an efficient and accurate
computational framework to study sedimentary rock particle shapes.

References

1. P. Barret. The shape of rock particles, a critical review. Sedimentology, 27:291-303,
1980.

2. P. Danielsson. Euclidean distance mapping. Comp. Graphics and Image Processing,
14:227-248, 1980.

3. M. Diepenbroek, A. Bartholoma, and H. Ibbeken. How round is round? a new approach
to the topic roundness by fourier grain shape analysis. Sedimentology, 39:411-422, 1992.

4. R. Ehrlich and B. Weinberg. An exact method for characterization of grain shape.
Journal of Sedimentary Petrology, 40(1):205-212, 1970.

5.  W. Krumbein. The effect of abrasion on the size, shape and roundness of rock fragments.
The Journal of Geology, 49:482-520, 1941.

6. W. Krumbein. Measurement and geological significance of shape and roundness of
sedimentary particles. Journal of Sedimentary Petrology, 11(2):64-72, 1941.

7. P. Maragos. Pattern spectrum and multiscale shape representation. IEEE Trans. Pat-
tern Anal. Machine Intell., 11(7):701-716, July 1989.

8. G. Matheron. Eléments pour une Théorie des Milieur Poreuz. Masson, Paris, 1967.

9. G. Matheron. Random Sets and Integral Geometry. John Wiley and Sons, New York,
1975.

10. M. Powers. A new roundness scale for sedimentary particles. Journal of Sedimentary
Petrology, 23:117-119, 1953.

11. R. Russell and R. Taylor. Roundness and shape of mississippi river sands. The Journal
of Geology, 45:225-267, 1937.

12. H. Schwarcz and K. Shane. Measurement of particle shape by fourier analysis. Sedi-
mentology, 13:213-231, 1969.

13. J. Serra. Image Analysis and Mathematical Morphology. Academic Press, London,
1982.

14. X. Tang, K. Stewart, L. Vincent, H. Huang, M. Marra, S. Gallager, and C. Davis.
Automatic plankton image recognition. Artificial Intelligence Review, 12:177-199, 1998.

15. L. Vincent. Fast opening functions and morphological granulometries. In SPIE
Vol. 2300, Image Algebra and Morphological Image Processing V, pages 253-267, San
Diego, CA, July 1994.

16. L. Vincent. Granulometries and opening trees. Fundamenta Informaticae, 41(1-2):57—
90, Jan. 2000.

17. H. Wadell. Volume, shape and roundness of rock particles. The Journal of Geology,
40:443-451, 1932.



