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Highights:

* Image analysis toolbox for particle shape and airdysis is presented

* 12 shape and 6 size parameters are available todh®x

» 2D to 3D size transformation & data visualisationls are present in the toolbox

* Methodology for both loose as well as compactedpdasris proposed

» Toolbox offers a cheap, fast and robust methodjf@ntitative textural analysis

1 Authorship Statement: MT and KFM developed theecddT, KFM and PAM conceptualised the study as wsll
contributed to drafting the manuscript.
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Abstract

Shape analysis can provide vital information remeydhe origin, transport and deposition
history of grains. Particle shape measurement heen ban active area of research for
sedimentologists since the 20th century. With adearent in the field of computation and
image analysis, shape analysis can be done irtex fasd much more accurate way compared to
manual measurements. The results obtained aredwepbbe as compared to visual qualitative
analysis. However, there is a lack of image analysiftware tools aimed at the field of
sedimentology where the fine details of a partimendaries are required. Image based Particle
Shape Analysis Toolbox (IPSAT) developed in the hatatica environment for the
guantitative characterisation of sedimentary graira-dimensions is presented here. This image
analysis toolbox can be used to analyse consotidetavell as loose sediment samples. A total
of 12 parameters are available for shape measuteroetprising conventional shape parameters
(roundness, angularity, circularity and irregulgritmathematically complex shape parameters
(fractal dimension and Fourier descriptors) and mmm geometrical shape parameters (aspect
ratio, convexity, solidity, mod ratio, rectangutgrand compactness). Additionally, IPSAT offers
to compute 6 particle size measurement paramdtarghermore, 2-D particle size distribution
can be transformed to a 3-D size distribution fon tsection analysis. Example analyses have
been carried out on a sandstone and a loose sddsaraple. The toolbox presented here aims to
establish a textural analysis methodology to bed usg geologists and sedimentologists in
particular. It will allow users to quantitativeljaracterise a large set of grains with a fast, ghea

and robust methodology.
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1. Introduction

Particle shape analysis is of interest to a widegyeaof fields in geology such as igneous and
metamorphic petrology (Higgins, 2006), structura&olpgy (Heilbronner and Barrett, 2014;
Mulchrone et al., 2013), volcanology (Charpentierak, 2013; Sarocchi et al., 2011), and
sedimentology (Blott and Pye, 2008). Shape analgtisedimentary particles has occupied
sedimentologists for over a century (Barrett, 1980t and Pye, 2008 and references therein) as
it provides vital information regarding the origitransport and deposition history (Pettijohn,
1957). However, shape analysis studies suffer ftamm common shortcomings: 1) with a
plethora of available shape parameters, a starsgaranethodology is lacking; 2) most of these
shape parameters are time consuming and tediogsaltalate manually. Visual comparison
charts were proposed to ease the effort requiredtape analysis (Krumbein, 1941; Powers,
1953). However, qualitative comparison methodsesufbm user bias and reproducibility issues

(Blatt, 1992; Blatt et al., 1972).

In recent years, with the advancement of computatipower and image analysis techniques,
shape analysis has received a renewed focus (Canapafi, 2016; Moreno Chavez et al., 2018;
Eamer et al., 2017; Lira and Pina, 2009; Sochaal.e015; Suzuki et al., 2015; Tao et al.,
2018). Most of these methods have been primariplieg to loose sediments where it is easier
to define grain boundaries automatically. On theeothand, the currently available automated
grain boundary segmentation algorithms (CalderorADéa et al., 2005; Gorsevski et al., 2012;
Li et al., 2008; Mingireanov Filho et al., 2013;yR6houdhury et al., 2006) do not produce the
quality of grain boundary data from thin sectiorcraphotographs typically required for shape

analysis. A high resolution microphotograph witkasl distinction between matrix and clasts is
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usually required (Roduit, 2007) for such automagemin boundary segmentation but this is the

exception rather than the rule.

Another shortcoming in presently available imagalysis tools is that they do not offer a wide
range of shape parameters for a comprehensive stragbgsis study. One of the most widely
used image analysis software platforms, ImageJ,deasloped primarily for use by biologists
(Schneider et al., 2012). Hence, tHmape descriptors present are basic geometrical shape
measures related to overall macro features of thgicfe shape rather than a detailed
characterisation of the particle outline as requifer example for roundness measurement.
Furthermore, recently proposed shape parametersafigus researchers are either conceptual
(Takashimizu and liyoshi, 2016) or are presentedtandalone software (Charpentier et al.,

2013; Heilbronner and Barrett, 2014).

The aim of this contribution is to present ImagsdshParticle Shape Analysis Toolbox (IPSAT)

— an image analysis software package that offanséda range of shape and size parameters.
IPSAT can used to quantitatively analyse partidtesn both loose sediments and rock thin

section microphotographs. In the case of loosensmuls, a fully automated approach is

presented. On the other hand, manual tracing oh dgraundaries is suggested for thin section
photomicrographs. IPSAT is developed on the Mathiemalatform which offers a variety of

in-built powerful image analysis and computatiormaltines.

The implementation details of the software codenglwith details of textural parameters are
described in the next section. Example analyseddth loose and consolidated sediments are
provided. The image analysis toolbox presentetlimgaper aims to establish a methodology for

reproducible and comparable quantitative textunalysis of particles.
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2. Software description

Mathematica is used as the basis for IPSAT andpisveerful technical computing environment
with an excellent array of features and applicaitimt run on a variety of operating systems
such as Windows, Mac OS and Linux (Trott, 2013; liWedt al., 2005). The IPSAT code is
wrapped up in a single Mathematica package. Aduiliy, two example Mathematica
notebooks are provided demonstrating the analysastinin section and a loose sediment sample.
These notebooks guide the user though the proceideirérom image import to image analysis,
feature extraction, and computation of all the uexit parameters. Furthermore, a detailed user
manual is also included which provides step-by-gfejole for usage of functions described in
this section. The functionality of IPSAT packagesisnmarised in Figure 1, the implementation

details of which are as follows:

2.1. Image input and analysis

If a sample of unconsolidated (loose) sedimentoidé analysed, then the process is much
simpler and fully automated. Particles are recondedrno be setup on the stage such that they
do not touch each other (see Fig. 2a). In casmafieé from transmitted light, the background is
expected to be light coloured with exceptions akd&gion(s) representing particle(s). On the
other hand, a black background with contrastingtlgploured region(s) containing particle(s) is
recommended for reflected light source image. Tipai image for loose sediment can be of any

standard image format (e.g., JPEG, TIFF, PNG).

In the case of particles from lithified samples Iswas sandstone, photomicrographs of thin
sections are used. Manual tracing of particle baued is performed because automated image

analysis techniques are not yet satisfactory (Mmit@havez et al., 2015; Gorsevski et al., 2012;
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Li et al., 2008; Mingireanov Filho et al., 2013;yR6houdhury et al., 2006). It is recommended
that tracing paper and black inking pens are usedtrbcing (Mulchrone et al., 2013) or,
alternatively, a graphics tablets may be used. &samwnsisting of black boundaries on a white
background are the required input for the softwgee Fig. 3b). A bitmap file (BMP) is
recommended to be used as input for the manuaett image. Further details on image

acquisition is provided in the Example Analysise(section 3).

The GrainBoundary function is present only in the loose sedimentyams notebook. It detects
the particle boundary using a threshold which cancbanged, if required, by the user. The
output of this step generates an image similar toaamually traced image (see Fig. 2b). All

subsequent steps are same for both loose sedimetitia section image analysis.

Two functions Grablmage and Refinel mage) are written for image analysis purposes. The
Grablmage function directly takes manually traced input ireaig the case of thin section
analysis. For loose sediment analysis, the outb@rainBoundary is used as the input for the

Grabl mage function.Grabl mage performs the following tasks:

(i) converts the input image into a binary image

(i) generates a matrix by applying the watershradgformation on the image from step (i), at

this stage all the particles are separately identif

(i) using the built-in Mathematica function (CompentMeasurement), all the initial geometric
information regarding the grains are computed —gl@nd short axis of best fit ellipse,

orientation, centroid, area, convex area, perimetedrconvex perimeter.

After the Grabl mage function runs, it outputs a colourised image aigpig individual particle
regions in different colours with a unique labelmber (see Fig. 2c and 3c). Erroneous
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identifications may remain at this point, where hdaries of neighbouring particles meet and

form a closed loop.

Refinelmage is a function allowing users to remove any errasdp identified regions. It
accepts as an argument a list of the labels of aamable particles and removes them from
further processing. Once Refinelmage is run, aseslicolourised image of identified particle

regions is presented. This step may be repeatddhenuser is satisfied with the output.

2.2. Feature extraction

After the image analysis, the dataset is extraftted the image using the functid&xtractData.
This function extracts the coordinates of all tleengs lying on boundary, all the points lying
inside the boundary and the relevant geometric dateerated from Grablmagdenction (from
task (iii)). The ExtractData function utilises imili Mathematica functions to perform these
tasks, for e.g., FindShortestTour function is ukedordering boundary points. These data are
passed on collectively as input to further functiaga compute the shape and size of particles.
Additionally, two geometric features — diameteirafcribed circle and circumscribed circle - are
computed for calculation of textural parameterstélil in section 2.3). They are only stored
internally and are fed into functions that requimem. The radius and the centre of the largest
inscribed circle of each particle is computed kg filnctionl nscribedCircle. Here the minimum
distance from any point inside the particle bougdarthe particle boundary is maximised using
discrete optimisation with multiple starting pointSimilarly, CircumscribedCircle function
computes the smallest circumscribing circle oves garticle boundary by minimising the

maximum distance from any point inside the partidendary to the particle boundary.
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2.3. Computation of textural parameters

Measurements in this paper are focused on a 2-diowal representation of the particle
boundary. In case of loose sediments, projectiguadicles along the long and intermediate axis
is taken, whereas, a 2D section of sediments gu#ttmoss consolidated sample is available from
a thin section. A large number of parameters hasenlproposed to quantify particle shape
(Barrett, 1980; Blott and Pye, 2008 and referertiserein). It is difficult to select one parameter
out of the many available, that allows for consisteeliable and accurate distinction between
particles of different shapes. As a result, thatinet merits of different shape parameters have
been extensively reviewed along with the many peakttstudies making comparisons (Al-
Rousan et al.,, 2007; Barrett, 1980; Blott and R3@0Q8; Cox and Budhu, 2008; lllenberger,
1991). In light of their application to 2-D imagatd, the following parameters are discussed and
implemented: roundness, circularity, irregularitgngularity, fractal dimension, Fourier
descriptors and a number of other simpler dimemsssnparameters such as aspect ratio,
rectangularity, convexity, modratio, compactnesd aalidity. Additionally, a variety of size
parameters are implemented. The implementationilsledad description of parameters are

described below:

2.3.1. Roundness

The most widely accepted definition of roundnessa@@ll, 1932) is that it is the average
roundness of the corners of a particle in a 2-Diceal plane. Let be the radius of curvature of
the boundary and let,,, be the radius of the largest inscribed circleht® particle boundary.

Corners are those parts of the particle boundargrevh < n,,,,. Particle roundnesgR) is

defined as:
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R =

n
1
2.
N Tmax
i=1

wherer; is the radius of curvature of individual cornedan is the total number of corners.
Roundness can now be determined in a time effi@adtobjective manner using computational

image analysis techniques (Roussillon et al., 200@wal et al., 2018).

The Roundness function first calculates the radius of curvature@ach point on the boundary. It
makes use of the functiol€ircumRadius, which determines the radius of the circle
circumscribing three points: 1)h pixel at which radius of curvature is to be deieed, 2)

(i+n)th pixel and 3)i-n)th pixel (see Fig. 4a). The valuerofs normalised on the basis of total
number of boundary points in the particle. In Fegdr point A, B and C represents {lie- n)th,

ith and(i + n)th pixel respectively. Points with a radius of atwue greater than radius of the
largest inscribed circle of the particle (from InbedCircle function) are omitted (see Fig. 4b).
The mean of the radius of curvature of the remagirpoints divided by radius of the largest

inscribed circle is the roundness.

2.3.2. Circularity

Circularity is a measure of how closely a partibtundary approximates to a circle. Typical
circularity parameters (Cox, 1927; Janoo, 1998;tlRed, 1927; Riley, 1941; Wadell, 1933;

Wadell, 1935) were applied to 23 gravel particlkesicomparison study (Blott and Pye, 2008).
They found that the methods of Wadell (1935) andyRi1941) provided optimal results. Due to

its simplicity and similarity to Wadell (1935), Ry (1941) was considered to be the best

parameter and is implemented in IPSAT. It is gilagn
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whereC is the circularity,D; is the diameter of largest inscribed circle dnds the diameter of
smallest circumscribing circle (see Fig. 5). T@iecularityFunction takes radius of the largest
inscribed circle of the particle from Inscribed@drand the radius of the smallest circumscribing

circle of the particle from CircumscribedCircledompute circularity.

2.3.3. Irregularity
Irregularity has been recently suggested as a pearto describe particle shape (Blott and Pye,
2008). It is defined as a way to measure the iradiemts and projections of a particle boundary

with respect to the best fit ellipse (Tunwal et 2018). It is given by:
I = AU/AE

Wherel is the irregularity A, is the non-overlapping area adg is the area of ellipse (see Fig.
6). The value for irregularity varies in the rar@¢o 1. Particle with smooth boundary exhibits
lower value for irregularity as compared to a mdetiwith irregular boundary. Theregularity
function generates two matrices for each partittie: first represents points belonging to the
particle and the second consists of points indidebest-fit ellipse of the particle. Thus, addition

of the matrices identifies the non-overlapping oegiised for calculating irregularity.

2.3.4. Angularity

Angularity is usually considered the opposite aindness, however it is formally defined as a
shape parameter based on acuteness of angle afrgonumber of corners and projection of
corners from the centre of particle (Lees, 1964)mieasure angularity, thengularity function
converts the particle boundary intanasided polygon by sampling n points at regularrirdae

along the particle boundary points (Rao et al.,2200he internal angle at each vertex is

10
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computed, which is represented by to a,. The difference between the pair of consecutive
angles ¢i-ay, az-03 to aq-04) Of the polygon is calculated for all verticesgd6g. 7). The average
of the five largest differences of angles is thguarity (Tunwal et al., 2018). The number of
sides of regular polygon that represents the partimundary and the number of highest

differences of consecutive angles can be variedsky.

2.3.5. Fractal dimension

Benoit Mandelbrot is credited with discovering fiedd of Fractal geometry in mathematics to
characterise irregular shapes and quantify thaiglmoess (Mandelbrot, 1982). Using fractal
dimension as a measure of roughness in granulariaatis already established (Andrle, 1992;

Cox and Budhu, 2008; Hyslip and Vallejo, 1997; Tahet al., 2018).

The FractalDivider function is implemented in IPSAT using the divideethod. This method
essentially measures the length of the boundanygudifferent measuring sticks and uses the
relationship between the two to estimate the fiaditaension (see Fig. 8a). If the length of the

boundary of a shape is measured t@ &), using measure of lengghthen
P(d) = nAt™P

whereD is the fractal dimension andis a constant of proportionality, which dependstioa
actual length of the boundary being analysed. Lovaues ofA result in more accurate and

increased estimates of boundary length). Taking logarithms:

logP(4) =logn + (1—D) logA

11
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thus D may be readily estimated by finding the best fiaight line to a set of data of
(log,log P(1)) (see Fig. 8b). The unit divider lengthin IPSAT depend on the size of each

individual particle (normalised based on the aXdb® best fit ellipse).
2.3.6. Fourier method

Half a century ago, Fourier analysis was introduae@n accurate way to characterise sediment
particle shape (Schwarcz and Shane, 1969; Ehrlxch\&einberg, 1970). Fourier analysis is
based on the fact that any periodic function candpeesented by a series of sine and cosine
terms. Fourier analysis is applied in shape charaettion by unrolling the particle boundary and
treating it as a periodic wave function and using tentroid of the particle as the origin. The
particle boundary can be reconstructed to a higjtedeof accuracy by using a suitable number
of terms. In spite of being robust, Fourier anaygithis context is not ideal due to the re-ertran
angle problem. Re-entrants are due to jaggedemretate edge morphology in irregular shaped
particles (Orford and Whalley, 1983) and leads @eemtrant angle or multi-valued function
problem (Bowman et al., 2001; Thomas et al., 1996)overcome the shortcoming of re-entrant

angle, Fourier descriptors are used (Thomas €t295).

In this technique, the particle boundary is figtnpled at regular intervals. Each boundary point

is represented in the complex plane by:

Zm = Xm + LYm

12
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where(x,, ,y,,) are the coordinatesn goes from 0 ta/N — 1) andN is the total number of
sampled points. The discrete Fourier transfornpdiad to the list of boundary points to obtain

the list of descriptors as follows:

o 27tmk 1 L= 2rmk . . 2mmk
z :ﬁsz (cos — isin )

1
N N

m=0 m=

The Fourier descriptors alg = a; + ib, wherek takes the values 0 10 — 1.

Applying the inverse Fourier transform to the dgstors retrieves estimates of the boundary
points of a particle and thus can be used to rénatshe original shape of the particle. Often
only a subset of the full set of Fourier descriptare utilised for a particle. As the number of
Fourier descriptors used to describe a shape ipesedhe boundary retrieved by the inverse
transform becomes more accurate (see Fig. 9). [Ppése with low values ok tend to describe
the major features of a particle whereas those witih values ofk describe the finer

morphological details.

Fourier descriptors are computed using Bueirier Descriptor function. In this function, the
boundary is sampled at regular interval to taketal of n points for each particle, whetecan

be set by user. The centre of the particle boundashifted to the origin to compute the
number of Fourier descriptors. The output to atiyige of user's choice can be exported using

Fourier Output function.

13
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2.3.7. Other parameters

Shape parameters, which were traditionally notriakéo account from a sedimentological point
of view but can prove useful in discriminating difént types of sedimentary particles, are also
included in IPSAT. Cox and Budhu (2008) studied ynaimple parameters and identified key
parameters to discriminate amongst sedimentarycfest(see Table 1). These parameters are
calculated directly using basic geometric feat@nesacted earlier (see section 2.2). They can be
viewed and exported along with other results usRegultTable function described in section

2.4.

2.3.8 Particle Size

In this paper, the size of sand particles is membwsing image analysis techniques on a
microphotograph. However, the methodology preseiitexe can be extended to images of
particles from other size fractionSizeData function is written to compute the actual size of
particle regions by parameters listed in Tableli Tser is required to specify the actual width
of the input image so that IPSAT can convert pixals to standard physical units (i.e. microns
or millimetres). Thus it has three arguments: th&wot from Grablmage, CircumscribedCircle

and the actual width.

Due to slicing of grains in thin section, the meagusize of a particle from a thin section
microphotograph is usually less than the size nredsfrom the projection on a loose grain
(Burger and Skala, 1976). There are multiple apgresa in the field stereology to transform a 2-
D particle size distribution to a 3-D size disttilon (Mouton, 2011; Russ and Dehoff, 2000).
Some authors have recommended using a simple tradtipn factor for the size transformation
(for example, Harrell and Eriksson, 1979; Kong dt, 2005), however, others have

recommended using a size distribution transformagigorithm (Heilbronner and Barrett, 2014,

14
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Higgins, 2000; Peterson, 1996). In this paper, suneh , which assumes that the probability of
slicing a particle is dependent on its size antadie from centre is implemented (Heilbronner

and Barrett, 2014; Underwood, 1970).

The SizeTransform function is available to convert a 2-D size dmition to a 3-D size
distribution. This function takes data frdeizeData as input along with class distribution width
and the numeral code for the type of size parantetbe used. The algorithm implemented in
IPSAT follows the method described in Heilbronnerd aBarrett (2014) for STRIPSTAR

program.

2.4. Results

Results obtained for all particles in a sample lmarsummarised in tabular form and exported to
an excel file. Users can specify the parameterg wish to include in the output. The function
ResultTableexdata_, parameters_,others ,sizedata ] is written for this purpose. The argument
parameters  specifies the list of parameters that are requiogdthe user. This provides
flexibility and saves execution time. The third amgentothers  may be eithefrue or False and
indicates whether or not to include in the outghe dther parameters in the result table. The
fourth argumensizedata _ takes in the output frorSizeData, if size is required. These other
parameters include simple geometric data such pechgatio, rectangularity, convexity,

modratio, compactness and solidity (see Table 1).

Finally, a data visualisation function call€&kainMapping is present to display regions of
particle using varying colour scheme based on duipa chosen shape or size parameter (see
Fig. 10). This feature has been used in other inggdysis tools (e.g. Heilbronner and Barrett,

2014) and is presented here for completeness.
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3. Example Analysis

One sample each of unconsolidated (loose sedinzamt)consolidated (rock thin section) is
analysed to demonstrate the usage of this softpackage. A total of 60 particles were analysed
for both examples. Details of the samples and thege preparation methodology are discussed

below.
3.1. Loose sediment

A loose sediment sample from Ballycotton beach, ®puCork, Ireland was collected for
particle shape analysis. The sample is dry sievedeparate the different size fractions. For
example analysis, the 250 to 500 Microns size ifsacts used. The sand grains are carefully
settled on the microscope stage parallel to tlegést and intermediate axis. Using a paint
brush, these particles are set up such that theyotldouch each other and remain within the
field of view of the microscope. For each fieldvaéw, 5-7 particles were imaged (see Fig. 2a).
The images were captured at 140X for 1640*2186 onerfield of view at 1200*1600 Pixel
resolution. The following settings were used foe timicroscope for transmitted light from

beneath the stage: exposure 61.4 ms; saturati®ngdin: 1.0X; gamma 1.29.

3.2. Rock thin section

A sandstone sample from Dingle Basin, South-Weskamd was collected for thin section
analysis. The sample collected is from the EaskdSane Formation of the Dingle group and is
relatively undeformed. The sediment particles i smple were deposited in a fluvial type of
depositional environment during the Lower DevonfAflen and Crowley, 1983). The sample

shows poorly sorted quartz grains surrounded dgyamatrix (Fig. 3a).
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Thin section images of each sample in cross-p@dright were used for tracing out particle
boundaries. Using more than one image of the sétwedf view at different stage orientations
in cross-polarised light may increase clarity foactng particle boundaries. An Intuos Pro
Graphics Tablet was used to digitally trace thengawies in CoreIDRAW, which is a vector
graphics editing software. Digital tracing of pelei boundaries allows the flexibility of zooming
in and out on the field of view and browse througiicrophotographs at different stage
orientations while tracing. Each particle boundaryraced carefully so that they form a closed
loop otherwise they are not detected as a sepagien during the image processing step. It is
important to ensure that the particle boundariesalotouch each other (Fig. 3b). The particle
boundaries can be alternately traced physicallg tnacing sheet and digitised for analysis (refer
to Mulchrone et al. (2013) for details). The tradteage is 1.86 Mb in size (1600*1200 pixels).
The physical size of the thin section image is ¥2486 Microns determined using Leica

Microscope software.

4. Results and Discussion

The result of particle shape analysis for the logs@diment sample is presented in the form of
histogram (Fig. 11). Roundness, angularity, irragtyy and fractal dimension data display a
normal distribution. Circularity data for the poptibn show a negative skew, whereas, there is
positive skewness in the aspect ratio data digtabu The mean and standard deviation of:
roundness is 0.61 and 0.04; angularity is 54.04 En@3; irregularity is 0.14 and 0.05; and
fractal dimension is 1.02 and 0.01 respectivelye iredian of circularity and aspect ratio data is

0.82 and 1.32 respectively.

Figure 12 shows the population distribution of shaprameters from the sandstone thin section

sample. The datasets of roundness, circularitggudarity and angularity exhibit normal
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distributions, whereas, fractal dimension and aspE® show positively skewed distributions.
The mean and standard deviation of: roundness6i3 &d 0.04; circularity is 0.76 and 0.06;
irregularity is 0.17 and 0.05; and angularity is®3and 10.94. The median of fractal dimension

and aspect ratio is 1.03 and 1.51 respectively.

The image analysis package —IPSAT presented inptiper can be used to measure a range of
shape and size parameters. More than one shapmegiaracan be used to better characterise a
particle shape (Blott and Pye, 2008). The shapanpeters implemented here were tested on
regular geometric shapes (Blott and Pye, 2008)vaexk found to perform well. A previous
study by the authors (Tunwal et al., 2018) foundudarity and fractal dimension to be the most
important parameters for classifying sediment sasiph their textural maturity grouping.
However, presence of a comprehensive list of spapgmeters in IPSAT offers a choice to users
from diverse research objectives. It is to be ndafeat the term angularity, roundness and
circularity are defined differently in various sweéire tools. For e.g., roundness in ImageJ
(Schneider et al., 2012) refers to the ratibrea/m(MajorAxis)?, whereas, roundness in
IPSAT is based on calculation of radius of curvatat each boundary point (Roussillon et al.,
2009). Fourier descriptors, function available REAT, exports fourier descriptor data in raw
form. This is to facilitate users the flexibility thoose their preferred way of further analysis
(for e.g., Bowman et al., 2001; Charpentier et2013; Suzuki et al., 2015; Thomas et al., 1995;

Haines and Mazzullo, 1988; Sarocchi et al., 2011).

IPSAT offers a variety of size parameters for asiglyDifferent measures of size give different
particle size distributions for the same populatidrparticles (Heilbronner and Barrett, 2014).
Therefore, a suite of size parameters implemenezd bives the user the freedom to pick the

parameters of choice. For thin section images,r@ddisional particle size distribution should be
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transformed into 3-Dimensional size distributiom malysis. Apart from the shape and size
parameters presented in IPSAT, some additionalrimdtion regarding the particles can be
further obtained implicitly from the results. Foraenple, area and perimeter of particles can be
calculated from the size measurgsa8d $. Such information can be extracted, if requireg, b

the user.

The manual particle boundary tracing for thin smcttanalysis can be regarded by some as a
tedious exercise. However, in the light of unavaliy of an automated particle boundary
segmentation algorithm that can be used for ang pthin section image, manual particle
boundary tracing provides the best alternativereggnt. High quality shape and size information
can be easily obtained once the boundary is tra€adhermore, the whole methodology is
relatively cheap to perform. If new analysis tecjug@s emerge which can process messy natural
data, the analysis software presented here wifLilye compatible and the process can be fully

automated.

The shape parameters calculated using particledaoyrdata in this package is independent of
size. However, a particle of a very small pixelesiz prone to be affected by its size for shape
calculation (Kroner and Doménech Carbo, 2013). Regygeometric and irregular shape with
increasing pixel count were used to test this pgeka check variation of parameter values with
varying pixel count for a fixed shape. It was fouhs not affected by size {Sabove 85 pixels.
Thus, size limit for textural analysis of sedimaatbased on the image acquisition tool.

Furthermore, a higher pixel resolution is recomnaghiibr good results.

The contribution presented here will help in figinhe gap for a specialised texture analysis
toolbox in the domain of sedimentology. The usehef software package introduced here has

been demonstrated by examples with sand sizectlegartHowever, it can be used for particles
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of any size. Therefore, the image analysis packagebe of use to variety of users for diverse

shape analysis objectives.

5. Conclusion

In this paper, IPSAT - Image based Particle Shapaly&is Toolbox is presented for

determination of textural elements of sedimentafigles. A suite of 12 shape parameters and 6
size parameters are implemented in IPSAT. Usagethef presented toolbox has been
demonstrated using photomicrographs from a sanestbim section and a loose sediment
sample. Manual tracing of particles of thin secfpamticle boundaries is recommended, whereas,

a fully automated approach is available for locsgirment analysis.

The software along with the methodology proposethis paper, has the potential for allowing
access to quantitative data for textural elemehsdlioiclastic particles. Thus, it has the potahti

to provide important information for a wide rangesedimentary studies. Future work in the
direction of quantitative textural analysis of sedntary particles include development of a
statistical approach aimed at synthesis and amsabfsdistributions of sediment particle shape

population data.
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7. Computer Code Availability

The Image based Particle Shape Analysis Toolbo$AIP is developed as a Mathematica
package (26 Kb). The IPSAT code is written on Watirlanguage which requires Mathematica
environment to function. The IPSAT package is reéehunder the GPL3 license. The IPSAT
code along with a detailed user manual can be dmdeld from

https://github.com/tunwalm/IPSAT. The developer barcontacted reached by the following:

Email: mohit.tunwal@ucc.ie

Telephone: +353-21-490-4580

Address: School of BEES, University College Corkstery Fields, North Mall, Cork, T23

TK30, Ireland
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Figure Captions

Figure 1: Flowchart showing functionality of IPSAT program.

Figure 2. Image analysis routine for loose sediment analysis. (a) Shows microphotograph of
loose sand sampl e collected from Ballycotton, County Cork, Ireland. (b) Particle boundary of the
sediment grains from the loose sediment sample is automatically generated using IPSAT (c)
image analysis of particle boundary shows region in randomly assigned colours identified as

individual particles.

Figure 3: Image analysis routine for a compacted sample (a) Shows thin section

microphotograph of sandstone sample collected from Dingle, County Kerry, Ireland. (b) Particle
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boundary of the clasts from thin section is manually traced using a graphics tablet (c) image
analysis of traced particle boundary shows region in randomly assigned colours identified as

individual particles.

Figure 4. Roundness measurement of a particle boundary. (a) Calculation of radius of curvature
at the ith pixel point B is the radius of circle that passes through the points AB and C. The
points A and C are the (i + n)*pixel and (i — n)"*pixel where n is normalised on the basis
total number of boundary points. (b) The particle boundary points with radius of curvature lower
than the radius of largest inscribing circle represents the corner region and are thus accepted

for roundness calculation.

Figure 5: Circularity of particle measured by square root over the ratio of diameter of the

largest inscribed circle (D;) divided by the diameter of the smallest circumscribed circle (D,.).

Figure 6: Measurement of particle irregularity. (a) Particle boundary to be analysed. (b) Best fit
ellipse for the particle boundary to be analysed. (c) Overlap of best fit ellipse over the particle
boundary. Irregularity is measured as a ratio of area not common between ellipse and particle

boundary divided by the area of ellipse.

Figure 7: Angularity measurement of a particle by modified Rao et al. (2002). Particle boundary
is represented by n sided polygon. Internal angles as, oy, as till a, for the polygon is measured.
Differences within the successive internal angles is measured and the five largest differences of

internal angles are averaged to calculate angularity.

Figure 8: Fractal dimension calculation for a particle using the divider method. (a) Particle

boundary perimeter P(4) measured by increasing unit length A. The value of m is 13.28 pixel
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dimension based on the size of the particle. (b) Log P(4) versus Log A showing the fractal

dimesion (D) calculation.

Figure 9: Reconstructed particle boundary with the number of Fourier descriptors used from
k=1 to 15. Shows the increasing accuracy of the particle boundary with the number of

descriptors used.

Figure 10: Grain-map of thin section sample for angularity parameter. The colour varies from

light green for highest roundness to dark blue for highest angularity value.

Figure 11: Results from photomicrograph analysis of loose sediment sample represented by
histogram for: (a) roundness, (b) circularity; (c) irregularity; (d) angularity; (e) fractal

dimension; and (f) aspect ratio data

Figure 12: Results from thin section photomicrograph analysis of sandstone sample represented
by histogram for: (a)roundness; (b) circularity; (c) irregularity; (d) angularity; (e) fractal

dimension; and (f) aspect ratio data

Tables
Shape Parameter Formula Description
Aspect Ratio krajo/Lminor | Length of major axis Ifyqj0) by length of minor axis
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(Lminor)
Compactness W/Lmajor Diameter of circle of equivalent ared)(to particle by
length of major axisl{;qor)
ModRatio 2R/Feret | Diameter of largest inscribed circl®,§ divided by Fere
diameter
Solidity AlAconvex | Area (A) by convex are@( npvex)
Convexity RonveXP Convex perimeterH,.,,,e.) by perimeter of particleR
Rectangularity Al Ar Area of particle 4) by area of bounding rectangléz(;)
621
622 Table 1: Table of simple geometrical parameters used in the study.
623
624
625
626
627
628
Size parameter Formula Description
S D, Diameter of smallest circumscribing circle over artigle
boundary
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S P/ Perimeter of particle boundarg) divided byn
S [44 /T Diameter of equivalent disk area of the particlerd4 is the
area of the patrticle.
S Lonajor Long axis of the best fit ellipsé.f;,,)
S Lominor Short axis of the best fit ellipS&,{;nor)
Sm 2Y",(d) | Twice of the mean distance between centre and cfmarti
n
boundary. Herél; is the distance between centroid of the particle
to itsith boundary point and is the number of boundary points.
629
630 Table 2: List of size parameters implemented in IPSAT.
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