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Highights: 11 

• Image analysis toolbox for particle shape and size analysis is presented  12 

• 12 shape and 6 size parameters are available in the toolbox  13 

• 2D to 3D size transformation & data visualisation tools are present in the toolbox 14 

• Methodology for both loose as well as compacted samples is proposed 15 

• Toolbox offers a cheap, fast and robust method for quantitative textural analysis 16 

                                                 
11 Authorship Statement: MT and KFM developed the code. MT, KFM and PAM conceptualised the study as well as 
contributed to drafting the manuscript. 
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Abstract 17 

Shape analysis can provide vital information regarding the origin, transport and deposition 18 

history of grains. Particle shape measurement has been an active area of research for 19 

sedimentologists since the 20th century. With advancement in the field of computation and 20 

image analysis, shape analysis can be done in a faster and much more accurate way compared to 21 

manual measurements. The results obtained are reproducible as compared to visual qualitative 22 

analysis. However, there is a lack of image analysis software tools aimed at the field of 23 

sedimentology where the fine details of a particle boundaries are required. Image based Particle 24 

Shape Analysis Toolbox (IPSAT) developed in the Mathematica environment for the 25 

quantitative characterisation of sedimentary grains in 2-dimensions is presented here. This image 26 

analysis toolbox can be used to analyse consolidated as well as loose sediment samples.  A total 27 

of 12 parameters are available for shape measurement comprising conventional shape parameters 28 

(roundness, angularity, circularity and irregularity), mathematically complex shape parameters 29 

(fractal dimension and Fourier descriptors) and common geometrical shape parameters (aspect 30 

ratio, convexity, solidity, mod ratio, rectangularity and compactness). Additionally, IPSAT offers 31 

to compute 6 particle size measurement parameters. Furthermore, 2-D particle size distribution 32 

can be transformed to a 3-D size distribution for thin section analysis. Example analyses have 33 

been carried out on a sandstone and a loose sediment sample. The toolbox presented here aims to 34 

establish a textural analysis methodology to be used by geologists and sedimentologists in 35 

particular. It will allow users to quantitatively characterise a large set of grains with a fast, cheap 36 

and robust methodology. 37 

 38 
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1. Introduction 40 

Particle shape analysis is of interest to a wide range of fields in geology such as igneous and 41 

metamorphic petrology (Higgins, 2006), structural geology (Heilbronner and Barrett, 2014; 42 

Mulchrone et al., 2013), volcanology (Charpentier et al., 2013; Sarocchi et al., 2011), and 43 

sedimentology (Blott and Pye, 2008). Shape analysis of sedimentary particles has occupied 44 

sedimentologists for over a century (Barrett, 1980; Blott and Pye, 2008 and references therein) as 45 

it provides vital information regarding the origin, transport and deposition history (Pettijohn, 46 

1957). However, shape analysis studies suffer from two common shortcomings: 1) with a 47 

plethora of available shape parameters, a standardised methodology is lacking; 2) most of these 48 

shape parameters are time consuming and tedious to calculate manually. Visual comparison 49 

charts were proposed to ease the effort required for shape analysis (Krumbein, 1941; Powers, 50 

1953). However, qualitative comparison methods suffer from user bias and reproducibility issues 51 

(Blatt, 1992; Blatt et al., 1972).  52 

In recent years, with the advancement of computational power and image analysis techniques, 53 

shape analysis has received a renewed focus (Campaña et al., 2016; Moreno Chávez et al., 2018; 54 

Eamer et al., 2017; Lira and Pina, 2009; Sochan et al., 2015; Suzuki et al., 2015; Tao et al., 55 

2018). Most of these methods have been primarily applied to loose sediments where it is easier 56 

to define grain boundaries automatically. On the other hand, the currently available automated 57 

grain boundary segmentation algorithms (Calderon De Anda et al., 2005; Gorsevski et al., 2012; 58 

Li et al., 2008; Mingireanov Filho et al., 2013; Roy Choudhury et al., 2006) do not produce the 59 

quality of grain boundary data from thin section microphotographs typically required for shape 60 

analysis. A high resolution microphotograph with clear distinction between matrix and clasts is 61 
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usually required (Roduit, 2007) for such automated grain boundary segmentation but this is the 62 

exception rather than the rule.  63 

Another shortcoming in presently available image analysis tools is that they do not offer a wide 64 

range of shape parameters for a comprehensive shape analysis study. One of the most widely 65 

used image analysis software platforms, ImageJ, was developed primarily for use by biologists 66 

(Schneider et al., 2012). Hence, the shape descriptors present are basic geometrical shape 67 

measures related to overall macro features of the particle shape rather than a detailed 68 

characterisation of the particle outline as required for example for roundness measurement. 69 

Furthermore, recently proposed shape parameters by various researchers are either conceptual 70 

(Takashimizu and Iiyoshi, 2016) or are presented in standalone software (Charpentier et al., 71 

2013; Heilbronner and Barrett, 2014). 72 

The aim of this contribution is to present Image based Particle Shape Analysis Toolbox (IPSAT) 73 

– an image analysis software package that offers a wide range of shape and size parameters. 74 

IPSAT can used to quantitatively analyse particles from both loose sediments and rock thin 75 

section microphotographs. In the case of loose sediments, a fully automated approach is 76 

presented. On the other hand, manual tracing of grain boundaries is suggested for thin section 77 

photomicrographs. IPSAT is developed on the Mathematica platform which offers a variety of 78 

in-built powerful image analysis and computational routines.  79 

The implementation details of the software code along with details of textural parameters are 80 

described in the next section. Example analyses for both loose and consolidated sediments are 81 

provided. The image analysis toolbox presented in this paper aims to establish a methodology for 82 

reproducible and comparable quantitative textural analysis of particles. 83 
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2. Software description 84 

Mathematica is used as the basis for IPSAT and is a powerful technical computing environment 85 

with an excellent array of features and applications that run on a variety of operating systems 86 

such as Windows, Mac OS and Linux (Trott, 2013; Wellin et al., 2005). The IPSAT code is 87 

wrapped up in a single Mathematica package. Additionally, two example Mathematica 88 

notebooks are provided demonstrating the analysis of a thin section and a loose sediment sample. 89 

These notebooks guide the user though the procedure, i.e. from image import to image analysis, 90 

feature extraction, and computation of all the textural parameters. Furthermore, a detailed user 91 

manual is also included which provides step-by-step guide for usage of functions described in 92 

this section. The functionality of IPSAT package is summarised in Figure 1, the implementation 93 

details of which are as follows: 94 

2.1. Image input and analysis 95 

If a sample of unconsolidated (loose) sediment is to be analysed, then the process is much 96 

simpler and fully automated. Particles are recommended to be setup on the stage such that they 97 

do not touch each other (see Fig. 2a). In case of image from transmitted light, the background is 98 

expected to be light coloured with exceptions of dark region(s) representing particle(s). On the 99 

other hand, a black background with contrasting light coloured region(s) containing particle(s) is 100 

recommended for reflected light source image. The input image for loose sediment can be of any 101 

standard image format (e.g., JPEG, TIFF, PNG). 102 

In the case of particles from lithified samples such as sandstone, photomicrographs of thin 103 

sections are used. Manual tracing of particle boundaries is performed because automated image 104 

analysis techniques are not yet satisfactory (Moreno Chávez et al., 2015; Gorsevski et al., 2012; 105 
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Li et al., 2008; Mingireanov Filho et al., 2013; Roy Choudhury et al., 2006). It is recommended 106 

that tracing paper and black inking pens are used for tracing (Mulchrone et al., 2013) or, 107 

alternatively, a graphics tablets may be used. Images consisting of black boundaries on a white 108 

background are the required input for the software (see Fig. 3b). A bitmap file (BMP) is 109 

recommended to be used as input for the manually traced image.  Further details on image 110 

acquisition is provided in the Example Analysis (see section 3). 111 

The GrainBoundary function is present only in the loose sediment analysis notebook. It detects 112 

the particle boundary using a threshold which can be changed, if required, by the user. The 113 

output of this step generates an image similar to a manually traced image (see Fig. 2b). All 114 

subsequent steps are same for both loose sediment and thin section image analysis. 115 

Two functions (GrabImage and RefineImage) are written for image analysis purposes. The 116 

GrabImage function directly takes manually traced input image in the case of thin section 117 

analysis. For loose sediment analysis, the output of GrainBoundary is used as the input for the 118 

GrabImage function. GrabImage performs the following tasks: 119 

(i) converts the input image into a binary image 120 

(ii) generates a matrix by applying the watershed transformation on the image from step (i), at 121 

this stage all the particles are separately identified 122 

(iii) using the built-in Mathematica function (ComponentMeasurement), all the initial geometric 123 

information regarding the grains are computed – long and short axis of best fit ellipse, 124 

orientation, centroid, area, convex area, perimeter and convex perimeter.  125 

After the GrabImage function runs, it outputs a colourised image displaying individual particle 126 

regions in different colours with a unique label number (see Fig. 2c and 3c). Erroneous 127 
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identifications may remain at this point, where boundaries of neighbouring particles meet and 128 

form a closed loop.  129 

RefineImage is a function allowing users to remove any erroneously identified regions. It 130 

accepts as an argument a list of the labels of unacceptable particles and removes them from 131 

further processing. Once RefineImage is run, a revised colourised image of identified particle 132 

regions is presented. This step may be repeated until the user is satisfied with the output. 133 

 134 

2.2. Feature extraction 135 

After the image analysis, the dataset is extracted from the image using the function ExtractData. 136 

This function extracts the coordinates of all the points lying on boundary, all the points lying 137 

inside the boundary and the relevant geometric data generated from GrabImage function (from 138 

task (iii)). The ExtractData function utilises in-built Mathematica functions to perform these 139 

tasks, for e.g., FindShortestTour function is used for ordering boundary points. These data are 140 

passed on collectively as input to further functions to compute the shape and size of particles. 141 

Additionally, two geometric features – diameter of inscribed circle and circumscribed circle - are 142 

computed for calculation of textural parameters (listed in section 2.3). They are only stored 143 

internally and are fed into functions that require them. The radius and the centre of the largest 144 

inscribed circle of each particle is computed by the function InscribedCircle. Here the minimum 145 

distance from any point inside the particle boundary to the particle boundary is maximised using 146 

discrete optimisation with multiple starting points. Similarly, CircumscribedCircle function 147 

computes the smallest circumscribing circle over the particle boundary by minimising the 148 

maximum distance from any point inside the particle boundary to the particle boundary. 149 
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2.3. Computation of textural parameters 150 

Measurements in this paper are focused on a 2-dimensional representation of the particle 151 

boundary. In case of loose sediments, projection of particles along the long and intermediate axis 152 

is taken, whereas, a 2D section of sediments cutting across consolidated sample is available from 153 

a thin section. A large number of parameters have been proposed to quantify particle shape 154 

(Barrett, 1980; Blott and Pye, 2008 and references therein). It is difficult to select one parameter 155 

out of the many available, that allows for consistent, reliable and accurate distinction between 156 

particles of different shapes. As a result, the relative merits of different shape parameters have 157 

been extensively reviewed along with the many practical studies making comparisons (Al-158 

Rousan et al., 2007; Barrett, 1980; Blott and Pye, 2008; Cox and Budhu, 2008; Illenberger, 159 

1991). In light of their application to 2-D image data, the following parameters are discussed and 160 

implemented: roundness, circularity, irregularity, angularity, fractal dimension, Fourier 161 

descriptors and a number of other simpler dimensionless parameters such as aspect ratio, 162 

rectangularity, convexity, modratio, compactness and solidity. Additionally, a variety of size 163 

parameters are implemented. The implementation details and description of parameters are 164 

described below: 165 

2.3.1. Roundness 166 

The most widely accepted definition of roundness (Wadell, 1932) is that it is the average 167 

roundness of the corners of a particle in a 2-D sectional plane. Let � be the radius of curvature of 168 

the boundary and let ���� be the radius of the largest inscribed circle to the particle boundary. 169 

Corners are those parts of the particle boundary where � < ����. Particle roundness (�) is 170 

defined as:  171 
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�	 = 	 1
�	����
��

�

���
 

where �� is the radius of curvature of individual corner and � is the total number of corners.  172 

Roundness can now be determined in a time efficient and objective manner using computational 173 

image analysis techniques (Roussillon et al., 2009; Tunwal et al., 2018).  174 

The Roundness function first calculates the radius of curvature at each point on the boundary. It 175 

makes use of the function CircumRadius, which determines the radius of the circle 176 

circumscribing three points: 1) ith pixel at which radius of curvature is to be determined, 2) 177 

(i+n)th pixel and 3) (i-n)th pixel  (see Fig. 4a). The value of n is normalised on the basis of total 178 

number of boundary points in the particle. In Figure 4, point A, B and C represents the (� − �)th, 179 

�th and (� + �)th pixel respectively. Points with a radius of curvature greater than radius of the 180 

largest inscribed circle of the particle (from InscribedCircle function) are omitted (see Fig. 4b). 181 

The mean of the radius of curvature of the remaining points divided by radius of the largest 182 

inscribed circle is the roundness.  183 

 184 

2.3.2. Circularity 185 

Circularity is a measure of how closely a particle boundary approximates to a circle. Typical 186 

circularity parameters (Cox, 1927; Janoo, 1998; Pentland, 1927; Riley, 1941; Wadell, 1933; 187 

Wadell, 1935) were applied to 23 gravel particles in a comparison study (Blott and Pye, 2008). 188 

They found that the methods of Wadell (1935) and Riley (1941) provided optimal results. Due to 189 

its simplicity and similarity to Wadell (1935), Riley (1941) was considered to be the best 190 

parameter and is implemented in IPSAT. It is given by: 191 
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�	 = 	√(��/�� 		) 

where C is the circularity, ��	is the diameter of largest inscribed circle and �� is the diameter of 192 

smallest circumscribing circle (see Fig. 5). The CircularityFunction takes radius of the largest 193 

inscribed circle of the particle from InscribedCircle and the radius of the smallest circumscribing 194 

circle of the particle from CircumscribedCircle to compute circularity.  195 

2.3.3. Irregularity 196 

Irregularity has been recently suggested as a parameter to describe particle shape (Blott and Pye, 197 

2008). It is defined as a way to measure the indentations and projections of a particle boundary 198 

with respect to the best fit ellipse (Tunwal et al., 2018). It is given by: 199 

I = 	A�/A�	 

Where	�	is the irregularity,  !  is the non-overlapping area and  " is the area of ellipse (see Fig. 200 

6). The value for irregularity varies in the range 0 to 1. Particle with smooth boundary exhibits 201 

lower value for irregularity as compared to a particle with irregular boundary. The Irregularity 202 

function generates two matrices for each particle: the first represents points belonging to the 203 

particle and the second consists of points inside the best-fit ellipse of the particle. Thus, addition 204 

of the matrices identifies the non-overlapping region used for calculating irregularity.  205 

2.3.4. Angularity 206 

Angularity is usually considered the opposite of roundness, however it is formally defined as a 207 

shape parameter based on acuteness of angle of corners, number of corners and projection of 208 

corners from the centre of particle (Lees, 1964). To measure angularity, the Angularity function 209 

converts the particle boundary into a � sided polygon by sampling n points at regular interval 210 

along the particle boundary points (Rao et al., 2002). The internal angle at each vertex is 211 
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computed, which is represented by α1 to αn. The difference between the pair of consecutive 212 

angles (α1-α2, α2-α3 to αn-α1) of the polygon is calculated for all vertices (see Fig. 7). The average 213 

of the five largest differences of angles is the angularity (Tunwal et al., 2018). The number of 214 

sides of regular polygon that represents the particle boundary and the number of highest 215 

differences of consecutive angles can be varied by user. 216 

2.3.5. Fractal dimension 217 

Benoit Mandelbrot is credited with discovering the field of Fractal geometry in mathematics to 218 

characterise irregular shapes and quantify their roughness (Mandelbrot, 1982). Using fractal 219 

dimension as a measure of roughness in granular materials is already established (Andrle, 1992; 220 

Cox and Budhu, 2008; Hyslip and Vallejo, 1997; Tunwal et al., 2018).  221 

The FractalDivider function is implemented in IPSAT using the divider method. This method 222 

essentially measures the length of the boundary using different measuring sticks and uses the 223 

relationship between the two to estimate the fractal dimension (see Fig. 8a). If the length of the 224 

boundary of a shape is measured to be #($), using measure of length $ then 225 

#($) 	= 	�$�%& 

where	� is the fractal dimension and � is a constant of proportionality, which depends on the 226 

actual length of the boundary being analysed. Lower values of $	result in more accurate and 227 

increased estimates of boundary length	#($). Taking logarithms: 228 

 229 

log	#($) = log	�		 + (1 − �)		log	$ 
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thus � may be readily estimated by finding the best fit straight line to a set of data of 230 

(log $ , log #($))  (see Fig. 8b). The unit divider length $ in IPSAT depend on the size of each 231 

individual particle (normalised based on the axes of the best fit ellipse). 232 

2.3.6. Fourier method 233 

Half a century ago, Fourier analysis was introduced as an accurate way to characterise sediment 234 

particle shape (Schwarcz and Shane, 1969; Ehrlich and Weinberg, 1970). Fourier analysis is 235 

based on the fact that any periodic function can be represented by a series of sine and cosine 236 

terms. Fourier analysis is applied in shape characterisation by unrolling the particle boundary and 237 

treating it as a periodic wave function and using the centroid of the particle as the origin. The 238 

particle boundary can be reconstructed to a high degree of accuracy by using a suitable number 239 

of terms. In spite of being robust, Fourier analysis in this context is not ideal due to the re-entrant 240 

angle problem.  Re-entrants are due to jagged or crenellate edge morphology in irregular shaped 241 

particles (Orford and Whalley, 1983) and leads to re-entrant angle or multi-valued function 242 

problem (Bowman et al., 2001; Thomas et al., 1995). To overcome the shortcoming of re-entrant 243 

angle, Fourier descriptors are used (Thomas et al., 1995). 244 

In this technique, the particle boundary is first sampled at regular intervals. Each boundary point 245 

is represented in the complex plane by: 246 

 247 

+� 		= 	,� + 	-	.� 	

 248 
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where	(,� 	, .�) are the coordinates, / goes from 0 to (0 − 1) and	0 is the total number of 249 

sampled points. The discrete Fourier transform is applied to the list of boundary points to obtain 250 

the list of descriptors as follows: 251 

 252 

Z2 =
1
N 
 +�4%-

56�7
8

8%�

��9	
	= 	 10 
 +�(cos

2=/>
0 −	 - sin 2=/>0 )

8%�

��9	
	

 253 

The Fourier descriptors are A7 = B7 + �C7 where > takes the values 0 to 0 − 1. 254 

Applying the inverse Fourier transform to the descriptors retrieves estimates of the boundary 255 

points of a particle and thus can be used to reconstruct the original shape of the particle. Often 256 

only a subset of the full set of Fourier descriptors are utilised for a particle. As the number of 257 

Fourier descriptors used to describe a shape increases, the boundary retrieved by the inverse 258 

transform becomes more accurate (see Fig. 9). Descriptors with low values of > tend to describe 259 

the major features of a particle whereas those with high values of > describe the finer 260 

morphological details. 261 

Fourier descriptors are computed using the FourierDescriptor function. In this function, the 262 

boundary is sampled at regular interval to take a total of n points for each particle, where � can 263 

be set by user. The centre of the particle boundary is shifted to the origin to compute the � 264 

number of Fourier descriptors. The output to a file type of user’s choice can be exported using 265 

FourierOutput function.   266 
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2.3.7. Other parameters 267 

Shape parameters, which were traditionally not taken into account from a sedimentological point 268 

of view but can prove useful in discriminating different types of sedimentary particles, are also 269 

included in IPSAT. Cox and Budhu (2008) studied many simple parameters and identified key 270 

parameters to discriminate amongst sedimentary particles (see Table 1). These parameters are 271 

calculated directly using basic geometric features extracted earlier (see section 2.2). They can be 272 

viewed and exported along with other results using ResultTable function described in section 273 

2.4. 274 

2.3.8 Particle Size  275 

In this paper, the size of sand particles is measured using image analysis techniques on a 276 

microphotograph. However, the methodology presented here can be extended to images of 277 

particles from other size fractions. SizeData function is written to compute the actual size of 278 

particle regions by parameters listed in Table 2. The user is required to specify the actual width 279 

of the input image so that IPSAT can convert pixel units to standard physical units (i.e. microns 280 

or millimetres). Thus it has three arguments: the output from GrabImage, CircumscribedCircle 281 

and the actual width.  282 

Due to slicing of grains in thin section, the measured size of a particle from a thin section 283 

microphotograph is usually less than the size measured from the projection on a loose grain 284 

(Burger and Skala, 1976). There are multiple approaches in the field stereology to transform a 2-285 

D particle size distribution to a 3-D size distribution (Mouton, 2011; Russ and Dehoff, 2000). 286 

Some authors have recommended using a simple multiplication factor for the size transformation 287 

(for example, Harrell and Eriksson, 1979; Kong et al., 2005), however, others have 288 

recommended using a size distribution transformation algorithm (Heilbronner and Barrett, 2014; 289 
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Higgins, 2000; Peterson, 1996). In this paper, one such , which assumes that the probability of 290 

slicing a particle is dependent on its size and distance from centre is implemented (Heilbronner 291 

and Barrett, 2014; Underwood, 1970). 292 

The SizeTransform function is available to convert a 2-D size distribution to a 3-D size 293 

distribution. This function takes data from SizeData as input along with class distribution width 294 

and the numeral code for the type of size parameter to be used. The algorithm implemented in 295 

IPSAT follows the method described in Heilbronner and Barrett (2014) for STRIPSTAR 296 

program.  297 

2.4. Results 298 

Results obtained for all particles in a sample can be summarised in tabular form and exported to 299 

an excel file. Users can specify the parameters they wish to include in the output. The function 300 

ResultTable[exdata_, parameters_,others_,sizedata_] is written for this purpose. The argument 301 

parameters_ specifies the list of parameters that are required by the user. This provides 302 

flexibility and saves execution time. The third argument others_ may be either True or False and 303 

indicates whether or not to include in the output the other parameters in the result table. The 304 

fourth argument sizedata _ takes in the output from SizeData, if size is required. These other 305 

parameters include simple geometric data such as aspect ratio, rectangularity, convexity, 306 

modratio, compactness and solidity (see Table 1).  307 

Finally, a data visualisation function called GrainMapping is present to display regions of 308 

particle using varying colour scheme based on output of a chosen shape or size parameter (see 309 

Fig. 10). This feature has been used in other image analysis tools (e.g. Heilbronner and Barrett, 310 

2014) and is presented here for completeness.   311 
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3. Example Analysis 312 

One sample each of unconsolidated (loose sediment) and consolidated (rock thin section) is 313 

analysed to demonstrate the usage of this software package. A total of 60 particles were analysed 314 

for both examples. Details of the samples and their image preparation methodology are discussed 315 

below. 316 

3.1. Loose sediment  317 

A loose sediment sample from Ballycotton beach, County Cork, Ireland was collected for 318 

particle shape analysis. The sample is dry sieved to separate the different size fractions. For 319 

example analysis, the 250 to 500 Microns size fraction is used. The sand grains are carefully 320 

settled on the microscope stage parallel to their longest and intermediate axis. Using a paint 321 

brush, these particles are set up such that they do not touch each other and remain within the 322 

field of view of the microscope. For each field of view, 5-7 particles were imaged (see Fig. 2a). 323 

The images were captured at 140X for 1640*2186 microns field of view at 1200*1600 Pixel 324 

resolution. The following settings were used for the microscope for transmitted light from 325 

beneath the stage: exposure 61.4 ms; saturation: 1.3; gain: 1.0X; gamma 1.29.  326 

3.2. Rock thin section 327 

A sandstone sample from Dingle Basin, South-West Ireland was collected for thin section 328 

analysis. The sample collected is from the Eask Sandstone Formation of the Dingle group and is 329 

relatively undeformed. The sediment particles in the sample were deposited in a fluvial type of 330 

depositional environment during the Lower Devonian (Allen and Crowley, 1983). The sample 331 

shows poorly sorted quartz grains surrounded by a clay matrix (Fig. 3a).  332 
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Thin section images of each sample in cross-polarised light were used for tracing out particle 333 

boundaries. Using more than one image of the same field of view at different stage orientations 334 

in cross-polarised light may increase clarity for tracing particle boundaries. An Intuos Pro 335 

Graphics Tablet was used to digitally trace the boundaries in CorelDRAW, which is a vector 336 

graphics editing software. Digital tracing of particle boundaries allows the flexibility of zooming 337 

in and out on the field of view and browse through microphotographs at different stage 338 

orientations while tracing. Each particle boundary is traced carefully so that they form a closed 339 

loop otherwise they are not detected as a separate region during the image processing step. It is 340 

important to ensure that the particle boundaries do not touch each other (Fig. 3b). The particle 341 

boundaries can be alternately traced physically on a tracing sheet and digitised for analysis (refer 342 

to Mulchrone et al. (2013) for details). The traced image is 1.86 Mb in size (1600*1200 pixels). 343 

The physical size of the thin section image is 1640*2186 Microns determined using Leica 344 

Microscope software.  345 

4. Results and Discussion 346 

The result of particle shape analysis for the loose sediment sample is presented in the form of 347 

histogram (Fig. 11). Roundness, angularity, irregularity and fractal dimension data display a 348 

normal distribution. Circularity data for the population show a negative skew, whereas, there is 349 

positive skewness in the aspect ratio data distribution. The mean and standard deviation of: 350 

roundness is 0.61 and 0.04; angularity is 54.04 and 10.93; irregularity is 0.14 and 0.05; and 351 

fractal dimension is 1.02 and 0.01 respectively. The median of circularity and aspect ratio data is 352 

0.82 and 1.32 respectively. 353 

Figure 12 shows the population distribution of shape parameters from the sandstone thin section 354 

sample. The datasets of roundness, circularity, irregularity and angularity exhibit normal 355 
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distributions, whereas, fractal dimension and aspect ratio show positively skewed distributions. 356 

The mean and standard deviation of: roundness is 0.60 and 0.04; circularity is 0.76 and 0.06; 357 

irregularity is 0.17 and 0.05; and angularity is 53.92 and 10.94.  The median of fractal dimension 358 

and aspect ratio is 1.03 and 1.51 respectively. 359 

The image analysis package –IPSAT presented in this paper can be used to measure a range of 360 

shape and size parameters. More than one shape parameter can be used to better characterise a 361 

particle shape (Blott and Pye, 2008).  The shape parameters implemented here were tested on 362 

regular geometric shapes (Blott and Pye, 2008) and were found to perform well. A previous 363 

study by the authors (Tunwal et al., 2018) found angularity and fractal dimension to be the most 364 

important parameters for classifying sediment samples in their textural maturity grouping. 365 

However, presence of a comprehensive list of shape parameters in IPSAT offers a choice to users 366 

from diverse research objectives. It is to be noted that the term angularity, roundness and 367 

circularity are defined differently in various software tools. For e.g., roundness in ImageJ 368 

(Schneider et al., 2012)  refers to the ratio 4 �4B/=(EBFG� ,�H)5, whereas, roundness in 369 

IPSAT is based on calculation of radius of curvature at each boundary point (Roussillon et al., 370 

2009). Fourier descriptors, function available in IPSAT, exports fourier descriptor data in raw 371 

form. This is to facilitate users the flexibility to choose their preferred way of further analysis 372 

(for e.g., Bowman et al., 2001; Charpentier et al., 2013; Suzuki et al., 2015; Thomas et al., 1995; 373 

Haines and Mazzullo, 1988; Sarocchi et al., 2011).  374 

IPSAT offers a variety of size parameters for analysis. Different measures of size give different 375 

particle size distributions for the same population of particles (Heilbronner and Barrett, 2014). 376 

Therefore, a suite of size parameters implemented here gives the user the freedom to pick the 377 

parameters of choice. For thin section images, 2-Dimensional particle size distribution should be 378 
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transformed into 3-Dimensional size distribution for analysis. Apart from the shape and size 379 

parameters presented in IPSAT, some additional information regarding the particles can be 380 

further obtained implicitly from the results. For example, area and perimeter of particles can be 381 

calculated from the size measures Sd and Sp. Such information can be extracted, if required, by 382 

the user. 383 

The manual particle boundary tracing for thin section analysis can be regarded by some as a 384 

tedious exercise. However, in the light of unavailability of an automated particle boundary 385 

segmentation algorithm that can be used for any type of thin section image, manual particle 386 

boundary tracing provides the best alternative at present. High quality shape and size information 387 

can be easily obtained once the boundary is traced. Furthermore, the whole methodology is 388 

relatively cheap to perform. If new analysis techniques emerge which can process messy natural 389 

data, the analysis software presented here will be fully compatible and the process can be fully 390 

automated. 391 

The shape parameters calculated using particle boundary data in this package is independent of 392 

size. However, a particle of a very small pixel size is prone to be affected by its size for shape 393 

calculation (Kröner and Doménech Carbó, 2013). Regular geometric and irregular shape with 394 

increasing pixel count were used to test this package to check variation of parameter values with 395 

varying pixel count for a fixed shape. It was found it is not affected by size (Sc) above 85 pixels. 396 

Thus, size limit for textural analysis of sediment is based on the image acquisition tool. 397 

Furthermore, a higher pixel resolution is recommended for good results.  398 

The contribution presented here will help in filling the gap for a specialised texture analysis 399 

toolbox  in the domain of sedimentology. The use of the software package introduced here has 400 

been demonstrated by examples with sand sized particles. However, it can be used for particles 401 
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of any size. Therefore, the image analysis package can be of use to variety of users for diverse 402 

shape analysis objectives.  403 

5. Conclusion 404 

In this paper, IPSAT – Image based Particle Shape Analysis Toolbox is presented for 405 

determination of textural elements of sedimentary particles. A suite of 12 shape parameters and 6 406 

size parameters are implemented in IPSAT. Usage of the presented toolbox has been 407 

demonstrated using photomicrographs from a sandstone thin section and a loose sediment 408 

sample. Manual tracing of particles of thin section particle boundaries is recommended, whereas, 409 

a fully automated approach is available for loose sediment analysis.   410 

The software along with the methodology proposed in this paper, has the potential for allowing 411 

access to quantitative data for textural elements of siliciclastic particles. Thus, it has the potential 412 

to provide important information for a wide range of sedimentary studies. Future work in the 413 

direction of quantitative textural analysis of sedimentary particles include development of a 414 

statistical approach aimed at synthesis and analysis of distributions of sediment particle shape 415 

population data.   416 

 417 
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7. Computer Code Availability  423 

The Image based Particle Shape Analysis Toolbox (IPSAT) is developed as a Mathematica 424 

package (26 Kb). The IPSAT code is written on Wolfram language which requires Mathematica 425 

environment to function. The IPSAT package is released under the GPL3 license. The IPSAT 426 

code along with a detailed user manual can be downloaded from 427 

https://github.com/tunwalm/IPSAT. The developer can be contacted reached by the following:  428 

Email: mohit.tunwal@ucc.ie 429 

Telephone: +353-21-490-4580 430 

Address: School of BEES, University College Cork, Distillery Fields, North Mall, Cork, T23 431 

TK30, Ireland 432 
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Figure Captions 573 

Figure 1: Flowchart showing functionality of IPSAT program. 574 

Figure 2: Image analysis routine for loose sediment analysis. (a) Shows microphotograph of 575 

loose sand sample collected from Ballycotton, County Cork, Ireland. (b) Particle boundary of the 576 

sediment grains from the loose sediment sample is automatically generated using IPSAT (c) 577 

image analysis of particle boundary shows region in randomly assigned colours identified as 578 

individual particles. 579 

Figure 3: Image analysis routine for a compacted sample (a) Shows thin section 580 

microphotograph of sandstone sample collected from Dingle, County Kerry, Ireland. (b) Particle 581 
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boundary of the clasts from thin section is manually traced using a graphics tablet (c) image 582 

analysis of traced particle boundary shows region in randomly assigned colours identified as 583 

individual particles. 584 

Figure 4: Roundness measurement of a particle boundary. (a) Calculation of radius of curvature 585 

at the �Iℎ pixel point B is the radius of circle that passes through the points A,B and C. The 586 

points A and C are the (� + �)KLpixel and (� − �)KLpixel where � is normalised on the basis 587 

total number of boundary points. (b) The particle boundary points with radius of curvature lower 588 

than the radius of largest inscribing circle represents the corner region and are thus accepted 589 

for roundness calculation. 590 

Figure 5: Circularity of particle measured by square root over the ratio of diameter of the 591 

largest inscribed circle (��) divided by the diameter of the smallest circumscribed circle (��). 592 

Figure 6: Measurement of particle irregularity. (a) Particle boundary to be analysed. (b) Best fit 593 

ellipse for the particle boundary to be analysed. (c) Overlap of best fit ellipse over the particle 594 

boundary. Irregularity is measured as a ratio of area not common between ellipse and particle 595 

boundary divided by the area of ellipse.  596 

Figure 7: Angularity measurement of a particle by modified Rao et al. (2002). Particle boundary 597 

is represented by n sided polygon. Internal angles α1, α2, α3 till αn for the polygon is measured. 598 

Differences within the successive internal angles is measured and the five largest differences of 599 

internal angles are averaged to calculate angularity. 600 

Figure 8: Fractal dimension calculation for a particle using the divider method. (a) Particle 601 

boundary perimeter #($) measured by increasing unit length $. The value of m is 13.28 pixel 602 
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dimension based on the size of the particle. (b) Log	#($) versus Log $ showing the fractal 603 

dimesion (�) calculation. 604 

Figure 9: Reconstructed particle boundary with the number of Fourier descriptors used from 605 

k=1 to 15. Shows the increasing accuracy of the particle boundary with the number of 606 

descriptors used.  607 

Figure 10: Grain-map of thin section sample for angularity parameter. The colour varies from 608 

light green for highest roundness to dark blue for highest angularity value.  609 

Figure 11: Results from photomicrograph analysis of loose sediment sample represented by 610 

histogram for: (a) roundness; (b) circularity; (c) irregularity; (d) angularity; (e) fractal 611 

dimension; and (f) aspect ratio data 612 

Figure 12: Results from thin section photomicrograph analysis of sandstone sample represented 613 

by histogram for: (a)roundness; (b) circularity; (c) irregularity; (d) angularity; (e) fractal 614 

dimension; and (f) aspect ratio data 615 

 616 

Tables 617 

 618 

 619 

 620 

Shape Parameter Formula Description 

Aspect Ratio Lmajor/Lminor Length of major axis (M��NOP) by length of minor axis 
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(M���OP) 
Compactness Q4 /=/Lmajor Diameter of circle of equivalent area ( ) to particle by 

length of major axis (M��NOP) 

ModRatio 2RI/Feret Diameter of largest inscribed circle (��) divided by Feret 

diameter 

Solidity A/Aconvex Area (A) by convex area ( �O�RS�)  

Convexity Pconvex/P Convex perimeter (#�O�RS�) by perimeter of particle (#) 

Rectangularity A/ ABR Area of particle ( ) by area of bounding rectangle ( TU) 

 621 

Table 1: Table of simple geometrical parameters used in the study. 622 

 623 

 624 

 625 

 626 

 627 

 628 

Size parameter Formula Description 

Sc �� Diameter of smallest circumscribing circle over a particle 

boundary  
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Sp #/= Perimeter of particle boundary (#) divided by π 

Sd Q4 /= Diameter of equivalent disk area of the particle. Here   is the 

area of the particle. 

Sa M��NOP Long axis of the best fit ellipse (M��NOP)  

Sb M���OP Short axis of the best fit ellipse (M���OP) 

Sm 2∑ (W�)����
�  

Twice of the mean distance between centre and particle 

boundary. Here W� is the distance between centroid of the particle 

to its �th boundary point and � is the number of boundary points. 

             629 

Table 2: List of size parameters implemented in IPSAT. 630 
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