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ARTICLE INFO ABSTRACT
Article history: Over the last decade, major technological advances in X-ray computed tomography (CT) have allowed for the in-
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vestigation and reconstruction of three-dimensional (3D) natural porous media architectures at very fine scales.
Soil scientists can use the internal structure information to develop predictive models for a range of physical,
chemical and biological processes in soil. Image segmentation and thresholding are crucial steps when applying
these methods to extract complex pore space geometry information from images. Traditional thresholding algo-
rithms face challenges related to the heterogeneity of soil samples, noise and artefacts introduced during the
image acquisition process.
This study proposes a new segmentation method using local greyscale value (GV) concentration variabilities
based on fractal concepts. Singularity maps were created to measure the GV concentration at each point. The
C-V method was combined with the singularity map approach (Singularity-CV method) to define thresholds
that can be applied to binarize CT images.
This study also introduces a new method for creating 3D synthetic soil images based on truncated multifractals
that simulate low-contrast and non-bimodal GV histograms. A synthetic soil image was created with the objec-
tive to compare traditional segmentation methods (Otsu and maximum entropy) with the Singularity-CV meth-
od. We obtained better results in porosity and more amount of pores at all scales than traditional methods,
although some small pores were incorrectly identified due to the ability to amplify every anomalous GVs. Mis-
classification error (ME) was low and similar to Otsu.
Two different 3D CT soil images were also used in this analysis, corresponding to samples of the same soil with 1.2
and 1.6 g cm 2 bulk densities. After applying the Singularity-CV method to the GV images, the results were com-
pared with the aforementioned traditional segmentation methods. The image comparison was based on the po-
rosity, pore size distribution (PSD) and cumulative pore size distribution (CPSD). The Otsu method achieves a
higher porosity than the Singularity-CV method because it defines the largest pores. However, the Singularity-
CV method detected more pores at all sizes. The maximum entropy method always yielded the lowest porosity.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In soil science, it is very important to characterize the spatial distri-
bution of soil pore structures. The parameters obtained from this distri-
bution provide the essential variables required as inputs in water flow
models (Vogel, 2000; Dullien, 2012) or microbial growth processes
(Rockhold et al., 2004; Young et al., 2008; Pajor et al., 2010;
Kravchenko et al., 2011). The most widely used pore characteristic is
pore size distribution, which can be used to calculate other parameters,
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such as total porosity and the mean and maximum pore size. In addi-
tion, pore characteristics, such as the pore connectivity and pore surface
area, can be used to quantify parameters related to soil morphology and
hydraulic properties (Dullien, 2012).

The first step in pore structure characterization is obtaining soil im-
ages that best approximate reality. Early studies used soil thin sections
where 2D greyscale images were taken using different types of cameras.
The main disadvantage of this method is that it is destructive in nature
because soil samples must be mechanically sliced. More recent scanning
techniques are based on 3D computed tomography (CT) images, which
combine numerous X-ray images taken from different angles. CT-based
methods have been applied to study soil structures (Wang et al., 2011;
Houston et al., 2013b; Ojeda-Magafia et al., 2014). This technique,
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which has been widely used in medicine, has been proven effective for
capturing 3D soil structures. Additionally, this technique does not
change the internal solid structure of the soil and attains high resolution
images. The main disadvantage of the technique is that the images may
provide low contrast at the solid-void interface (Cortina-Januchs et al.,
2011).

The subsequent step in pore structure characterization involves
delimiting the pore structure (pore space) from the CT soil images. Dif-
ferent delimitation methods can result in different spatial distributions
of pores, which can result in substantial variation in the estimation of
important parameters, such as total porosity or pore connectivity. Bina-
rization methods are generally used to delimit the air-filled pore space
in 2D and 3D CT soil images. A binarization method is a segmentation
technique in which only two classes of pixels/voxels are distinguished.
These classes include the foreground class of interest (in this case, the
pore space) and the background class. To separate the pore space (ob-
ject) from the solid space (background), the binarization relies mainly
on thresholding methods (Sezgin and Sankur, 2004) in which global
or local thresholds are calculated. Global thresholding calculates a
unique threshold that is applied to the entire image. Local thresholding
establishes local thresholds based on local image characteristics which
vary throughout an image.

A review of different threshold calculation strategies is provided by
Sezgin and Sankur (2004 ). The authors classified thresholding methods
into six groups: histogram shape-based methods, clustering-based
methods, entropy-based methods, object attribute-based methods, spa-
tial methods and local methods (the first five groups define global
thresholding methods). A literature review reveals that the most popu-
lar clustering-based methods are the iterative method (Ridler and
Calvard, 1978) and the Otsu method (Otsu, 1979). The maximum entro-
py (Kapur et al.,, 1985), the maximum Renyi's entropy (Sahoo et al.,
1997) and the minimum cross-entropy methods (Li and Lee, 1993)
are the most commonly used entropy-based methods. The best
known local thresholding method is the indicator kriging (Oh and
Lindquist, 1999), which is based on local spatial correlations. Recently,
a new indicator kriging method called “Adaptive-Window Indicator
Kriging” (Houston et al,, 2013a) has significantly improved the segmen-
tation results in soil images. These authors have utilized other local
strategies, e.g., extending Otsu's method by minimizing the greyscale
intra-class variance (Hapca et al., 2013), to improve upon the perfor-
mance of the original method.

When we attempt to compare the performance of different segmen-
tation methods, we can follow different strategies. One of them may be
making independent measurements of porosity and pore size distribu-
tion. Independent methods for measuring porosity are: (i) calculation
from bulk density, (ii) water saturation, and (iii) gas pycnometry. Inde-
pendent methods for measuring pore size distribution are: (i) water de-
sorption and (ii) mercury porosimetry (Flint and Flint, 2002). Another
alternative strategy is to have “real” information from the soil samples.
The problem is that in many cases, this information is not available. Cur-
rently, to address this problem, the use of simulated or synthetic soil im-
ages is common. We can find examples of 2D and 3D synthetic soil
images in the studies by Zhang (2001), Schliiter et al. (2010), Wang et
al. (2011) and Martin-Sotoca et al. (2016).

Recently, some studies analysed the internal soil structure from a
fractal point of view. Multifractal analysis (MFA) has been applied to
greyscale soil images to determine parameters such as generalized frac-
tal dimensions, singularity exponents and multifractal spectra (Tarquis
et al,, 2008, 2009, 2012; Pifiuela et al., 2010; Zhou et al., 2011). The re-
sults obtained for different types of soils suggest that quasi-multifractal
behaviours exist within a certain range of scales. Research and discus-
sions on this topic are ongoing.

In the context of detecting certain geochemical elements in mineral
deposits, some studies applied a fractal approach to delimit the miner-
alized areas. The first studies to use such an approach were Agterberg
et al. (1993) and Cheng et al. (1994). In these initial studies, a

segmentation method known as the concentration-area (C-A) method
was applied to element concentration maps to calculate mineralization
thresholds. This method aims to determine the fractal properties that
appear in systems with complex spatial distributions. The fractal prop-
erties are visualized through a log-log plot in which several linear seg-
ments may appear. A 3D version of the C-A method known as the
concentration-volume (C-V) method must be used to analyse 3D con-
centration maps (Afzal et al., 2011). Element concentration maps were
eventually replaced by element “singularity maps” because the singu-
larity exponents, o(x), can be interpreted as a measure of the local con-
centration (Goncalves et al., 2001; Cheng, 2012). Cheng (2001, 2007)
defined “positive singularities”, with a(x) < 2, which correspond to
high values of concentration in a geochemical map, and “negative singu-
larities”, with a(x) < 2, which correspond to low concentration values.
Therefore, calculating the singularity map for a geochemical concentra-
tion map may be used to characterize concentration patterns which
provide useful information for interpreting anomalies related to local
mineralization processes.

The goal of this paper is to utilize the geochemical anomaly detection
methodology, based on the singularity 3D maps and the C-V method, to
extrapolate the air-filled pore spaces in 3D CT soil images. This study can
be considered an extension of the previous work by Martin-Sotoca et al.
(2016) in which a two-dimensional analysis was developed. In this
paper, we used the C-V method to establish the threshold that separates
the 3D pore space from the 3D solid space. As a result of this work, a new
segmentation methodology is proposed for 3D CT soil samples. Herein-
after, this method is named the “Singularity-CV” method. A comparison
with traditional segmentation methods was performed to illustrate the
main differences between methods. In this study, we chose the Otsu and
maximum entropy methods for comparison. We justify the use of these
methods for two reasons: i) currently, the Otsu and entropy-based
methods continue to be the reference methods of comparison for new
techniques and ii) the statistical approaches of both techniques greatly
differ.

This paper also introduces an alternative method to create 3D syn-
thetic soil images: the “Truncated Multifractal Method” (TMM). This
new method is mainly based on enhancing the scaling nature of the
pore space in the 3D synthetic images. This method was previously in-
troduced by Martin-Sotoca et al. (2016) to create 2D synthetic soil
images.

2. Materials and methods
2.1. Description of the soil samples

An arable sandy loam soil from a field in Scotland was packed into
polypropylene cylinders with diameters of 6 cm and heights of 5 cm.
The bulk densities were 1.2 Mg/m> (sample 1) and 1.6 Mg/m? (sample
2). For further details, see Harris et al. (2003 ).

The soil samples were imaged using a Metris X-Tek X-ray micro-to-
mography system at 160 kV and 201 pA, producing 3003 angular projec-
tions. An aluminium filter (0.10 mm) was applied to minimize beam
hardening. A reconstruction process also provided several corrections.
Radiographs were reconstructed into a 3-D volume using CT-Pro
(Nikon). They were then imported into VGStudio Max software (Vol-
ume Graphics, 2015) and converted into 8-bit binary TIFF images.

Two image stacks of 260 x 260 x 260 voxels and resolutions of
30 pm (voxel length size) were used in this study. For further details,
see Pajor et al. (2010). The two samples (two image stacks) were select-
ed from an image-stacked set by choosing samples with different spatial
patterns (different degrees of compaction) and GV histograms with
non-bimodal shapes. Threshold calculations are typically easier using
bimodal histograms compared to non-bimodal histograms because
two obvious objects can be identified in the histogram. We chose non-
bimodal shapes to test the Singularity-CV method in the most demand-
ing situation.

Geoderma (2016), http://dx.doi.org/10.1016/j.geoderma.2016.11.029

Please cite this article as: Martin-Sotoca, ].J., et al., Local 3D segmentation of soil pore space based on fractal properties using singularity maps,



http://dx.doi.org/10.1016/j.geoderma.2016.11.029

Download English Version:

https://daneshyari.com/en/article/8894409

Download Persian Version:

https://daneshyari.com/article/8894409

Daneshyari.com


https://daneshyari.com/en/article/8894409
https://daneshyari.com/article/8894409
https://daneshyari.com

