
ABSTRACT 

 

GHOSH, SUPRIYO. Simulation, Network Modeling, and Imaging of Porous Media Drying. 
(Under the direction of Yong Pan and Kevin M Keener.) 
 

Drying is a unit operation where water is removed from a material by means of 

evaporation and mass transfer. It is widely used in industrial manufacturing processes. Many 

of these processes involve drying of porous materials. Porous media are, in general, 

heterogeneous systems. The microstructure of the pore space influences transport properties 

and hence, drying rates. Thus, a quantitative geometrical characterization of the pore space is 

crucial for accurate prediction of porous media drying rates. Simulation of porous media 

structure, given a specific size distribution of constituent particles, followed by pore-space 

characterization is a powerful as well as economical predictive tool for product design. 

Realistic unconsolidated porous media were reconstructed through Monte Carlo gravitational 

particle packing simulation. The porous media simulation was validated by comparison with 

extracted transport related micro-structural parameters from x-ray micro-CT (computed 

tomographic) images. A mathematical morphology based three-dimensional image 

processing algorithm was developed to characterize the pore space in the simulated porous 

media. This realistic pore-throat network information was utilized in an invasion percolation 

based simulation of porous media drying and showed satisfactory agreement with 

quantitative data extracted from in-situ NMR (nuclear magnetic resonance) imaging 

experiments. 
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are very complex and there is limited data for quantitative comparisons. Pore network models 

are effective tools used to investigate or predict macroscopic properties from fundamental 

pore-scale behavior of processes and phenomena based on geometric volume averaging. Pore 

network models are mechanistic models that utilize an idealization of the complex pore space 

geometry of the porous media. This is usually achieved by representing the pore space by 

pore elements having simple geometric shapes. For example, pore-bodies and pore-throats 

have been represented as spheres and cylinders or cubes and cylinders, respectively. Network 

models have been used in the fields of chemical engineering, petroleum engineering and 

hydrology to study a wide range of single and multiphase flow processes. They have been 

used to study relative permeability 12,13,14; the effect of pore structure on relative permeability 

and capillary pressure hysteresis in two phase systems 15 prediction of permeability and 

hydraulic conductivity16; investigation of the functional relationship between capillary 

pressure, saturation, and interfacial areas17; prediction of permeability and residence time 

distributions for mechanical dispersion in packed beds18; drainage and imbibition19; phase 

distributions, interfacial areas, and mass transfer20; ganglion formation and 

mobilization21,22,23. However, there are only very limited studies using network modeling to 

investigate phase change phenomena like drying in porous media. Satik and Yortos24 studied 

bubble growth and nucleation as a result of pressure reduction or heat transfer. Lattice gas 

cellular automata has also been utilized to simulate evaporation in two-dimensional porous 

media. McCall and Guyer25 simulated equilibrium evaporation phenomena on a square bond 

lattice by lowering the vapor pressure. Prat and co-workers26,27,28 modeled drying as an 

invasion percolation process in which the viscous force is assumed to be negligible compared 

to the capillary force. They performed simulations on two- and three-dimensional set-up, and 
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also performed experiments in ideal two-dimensional set-up. They tried to qualitatively as 

well as quantitatively show the phase distribution and drying curves through this process. 

Agreement between the experimental and simulation-based studies was very good in two-

dimensions but not as satisfactory while trying to explain the experimental data in real three-

dimensional porous media. Several reasons can be put forth explaining the discrepancies 

those were observed. Two-dimensional simulation of network modeling can never be close to 

the experimental results involving real porous media. This is because, the connectivity in 

two-dimension is very different from the one in three-dimension, dramatically influencing 

the critical percolation values or percolation threshold. Thus using an experimental method to 

non-invasively look-into the three-dimensional phase distribution in the porous media during 

the time course of drying, extracting the quantitative data from those three-dimensional data 

can really assist develop as well as evaluate the invasion percolation model of drying of 

porous media. In invasion percolation the invasion of sites at each time step of the simulation 

is decided by the invasion potential of the sites located at the interface between the invading 

and the defending fluids. A physical basis can be given to the magnitude of this invasion 

potential by relating it to the capillary pressure. The capillary pressure, ∆Pcap, across a liquid-

liquid interface in a tube is: 

∆Pcap =2(σcosθ)/R         (1) 

where σ is the interfacial tension between the two fluids, θ is the contact angle, and R is the 

radius of the tube. There are two different immiscible displacement processes: imbibition and 

drainage. During drainage, a non-wetting fluid displaces a wetting fluid, which is similar to 

the drying process. Since, the dimension of the drying bed used in this study is very 

small(1cmx1cmx2cm), the gravitational effect can be neglected. In the absence of gravity, 
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immiscible displacement, like drying of saturated porous bed, can be characterized by the 

dimensionless capillary number, Ca = (viscosity of displaced fluid x average velocity of 

displaced fluid)/interfacial tension. Ca basically represents the ratio of viscous forces to 

capillary forces. In the case of drying, for air as the displacing fluid and water as the 

displaced one, typically Ca is smaller than 1x10-10.2 It indicates that, the drying system 

studied in this work is dominated by the capillary effect. According to capillary pressure 

equation above, the capillary forces are strongest at the narrowest places in the porous 

medium. Therefore, if all the pore throats are smaller than the pore bodies, the invasion of the 

pore body will lead to spontaneous invasion of the adjacent pore throats. Hence, the radii of 

the pore throats are the controlling factor in drying. The capillary pressure is less in bigger 

pore bodies, and hence those will be invaded first. In this case the capillary pressure 

established in the pore bodies and pore throats will resist the invasion of the non-wetting 

fluid. The capillary forces are stronger at throats than in pore bodies. The non-wetting fluid 

invades the pore bodies more easily than the pore throats and thus drainage is controlled by 

the pore throats, with the larger pore throats being more easily invaded. Hence, in case of 

drainage, the invasion potential is inversely proportional to the capillary pressure in the pore 

throats. Broadbent and Hammersley29 first proposed the theory of percolation in the year of 

1957. Percolation essentially describes the accessibility of the network or lattice. The sites in 

a lattice or the bonds between these sites can be either open or closed with respect to 

transport through them. IPM was first proposed by Chandler et al.30 and first implemented by 

Wilkinson and Willemsen31 on various regular two-dimensional and three-dimensional 

lattices both with and without trapping of the defender fluid. Each site were invaded one at a 

time after each time increment in the simulation, the site invaded being the one with the 
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highest invasion potential of all sites at the liquid-liquid interface. Therefore, invasion 

percolation is essentially a dynamic form of the percolation theory. As noted by these 

authors, although IPM is motivated by the liquid-liquid displacement process, it is applicable 

to any invasion process following the path of least resistance. Wilkinson and Willemsen31 

demonstrated that when trapping of the defending fluid was included a significant difference 

was revealed between the two-dimensional and three-dimensional lattices, the clusters of 

trapped defender fluid being considerably larger for the two-dimensional lattice. This result 

shows a limitation of the two-dimensional lattice to model realistic porous systems that are 

usually inherently three-dimensional. Wilkinson32 and Glass and Yarrington33 later extended 

the IPM simulation of Wilkinson and Willemsen to include the effect of gravity as the 

stabilizing and destabilizing force. Shaw34 first suggested that drying can be considered as an 

invasion percolation process. As drying is generally a slow process, capillary forces dominate 

over viscous forces. The air invades the pore throat with the lowest capillary pressure, i.e. the 

pore throat with the widest width. The pore body, normally wider than the pore throat, is 

automatically invaded once the adjacent pore throat is invaded. This forms the basis of the 

invasion percolation model of drying. Pat and his co-workers26,27,28 recognized the 

similarities between drainage and drying, and started to model drying as an invasion 

percolation process. In both drainage and drying, the liquid within the medium is the 

defender fluid while the air is the invader fluid. However, the air and the liquid exit the 

medium in the same direction in drainage and in opposite directions in drying. Another major 

difference drying and conventional invasion percolation is that in drainage, isolated clusters 

of liquid can become trapped and cannot be invaded further due to fluid incompressibility; 

clusters of liquid become isolated from the main bulk but gradually disappear under the 
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action of evaporation. Prat and his co-workers considered these dissimilarities. They also 

adopted some reasonable simplifying assumptions: the liquid is a single component liquid, 

the gas phase is a binary mixture of vapor of the liquid and inert air, Kelvin effect can be 

neglected, diffusive transport is quasi-steady, vapor escapes through the top edge of the 

network, zero flux conditions prevail across the other three boundaries of the porous 

medium.  

The current work extends this approach one step further in simulating drying in 

porous media that would be more realistic. Instead of assuming a specific pore size 

distribution and location of the pore centers as cubic lattice points, a more realistic pore 

network directly extracted from the three-dimensional pore-space data set is used as the input 

in the invasion percolation algorithm. The tortuosity (the ratio of total length of a throat and 

the shortest distance between the starting and the end point of the throat) factor of the throat 

connecting the pores is also introduced. The simulation data is supported by non-invasive 

phase distribution mapping by in-situ magnetic resonance imaging. The pore-networks which 

were utilized in the drying simulation were obtained through image processing of the pore-

space reconstructed using Monte Carlo gravitational simulation of particle packing. This 

approach opens up the possibility of performing virtual experiments on porous media drying 

by choosing a wide array of particle size distribution, which constitutes the packing. This will 

reduce the amount of resources needed to carry out numerous laboratory experiments in 

porous media based product design. Extensive evaluation can be done of the end-product 

characteristics before only very few most promising structures are short-listed for 

experimental assessment. 
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METHODS: 

Surface Characterization: 

The glass beads those were used in this experiment were acid washed and silanized in 

order to remove any hydrophilic or hydrophobic ligands from the surface. The contact angle 

of deionized water with the glass bead surface was one of the input parameters of the drying 

simulation. Hence the contact angle was measured experimentally. Two glass capillaries 

were taken. One of them was given the same surface treatment as the glass beads. Deionized 

water was drawn into them through capillary action. The water column menisci inside those 

capillary tubes were then examined using a microscope and digital images were acquired 

(Fig. 1). The contact angles were then calculated manually on the images and compared. As 

the images in Fig.1 depict, the contact angle for the surface treated glass was very close to 

90o. 

 

Figure 1: Microscopic images of contact angles before and after surface treatment 

NMR Imaging Experiment: 

In order to support the drying simulation result, a drying cell was made that fits inside 

the magnetic resonance imaging (MRI) coil so that image acquisition can be done while 

drying is taking place without altering any experimental parameters. The drying cell was 

made of Teflon which does not produce any nuclear magnetic resonance (NMR) signal at the 
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radio frequency coil of the instrument. The drying cell was so constructed that the air stream 

passes along the outside walls of the cuvette, which is filled with saturated glass bead pack, 

and then passes over the open top surface of the packed bed. The drying bed had a dimension 

of 10mmx10mmx20mm. This construction ensured isothermal drying condition. Figure 2 

provides the details of the construction. The glass beads used in this work are obtained from 

Sigma Aldrich ( St Louis, MO), and they had mean diameters of 250µ and 500µ.These glass 

beads had their surface acid washed and silanized. Identical treatment was given to glass 

capillaries and the surface contact angle was measured by pulling deionized water into it 

followed by light microscopy. The microscopic images of glass capillary with and without 

the surface treatment are shown in Figure 1. The measured contact angle in the surface 

treated glass capillary was 88o. Hence, in this work the pore and throat surfaces are assumed 

as neither hydrophilic nor hydrophobic. A controlled air drying system was built in house. It 

had an inlet to receive air from the air compressor through and pressure control valve. The 

pressure was always maintained constant at 15psi. The air coming in first passed through a 

pair of Drierite drying columns (Laboratory Gas Drying Unit, with 1/8" SS NPT fittings, 

manufactured by W.A. Hammond Drierite Co. Ltd., Xenia, OH) arranged in parallel. Only 

one was used at any point of time while the other was being regenerated. The dry air at the 

outlet of these columns then passed through a flow meter and next through an air heater. The 

flow of air stream was kept constant through out the experiments at 0.1573 x 10-3 cubic meter 

per second. The heated air  
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Figure 2: Drying cell for in-situ drying inside MRI instrument 
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Figure 3: Controlled air drying set-up for in-situ drying of glass bead pack 

line had an online temperature sensor. The temperature sensor sent feedback signal to a PID 

controller, which turned the air heater on and off to keep the outlet air temperature constant. 
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The PID controller was set to maintain the air temperature at 25oC.The heated air humidity 

was also checked periodically and was always found to be very close to 0%RH under 

stabilized condition. This drying setup is also used to dry the bead pack outside the MRI coil 

and gravimetric measurements were done to calculate the convective mass transfer 

coefficient of the system considering 0%RH boundary condition. As the stability of the air 

flow was achieved the air was flown through the drying cell inside the MRI instrument, 

Bruker Ultrashield 500MHz micro-imaging system (Bruker Biospin, Billerica, MA). The 

packed bed system is dried for 30minutes before each MRI image acquisition is done. Each 

image was acquired in two-dimension in 64x128 matrix using multi-spin-multi-echo(MSME) 

sequence with 12 echoes recorded per image acquisition. Since each image acquisition took 

about 10 minutes to run, the drying air supply was bypassed through a humidifier to achieve 

100%RH before it is fed to the drying cell. This ensured no drying during image acquisition, 

so that we could assume a quasi-static stage during the imaging process. Images were 

acquired upto 8 hours of drying time. The same experiment was done for both 250µ and 

500µ bead packs in triplicates. A program is written in Matlab® (The Mathworks Inc., 

Natick, MA) to automatically calculate the proton density i.e. water saturation map of the 

drying bead packs at all time points from the multi-echo data sets. The saturation map gray-

scale images were binary gated using Otsu algorithm.35

Gravimetric Measurement: 

 Glass bead packs of both 500 and 250µ diameters were made and dried inside the 

drying cell, as described in the previous section. The bead pack is measured for weight of 

remaining water at 0.5 hour intervals. This drying curve is stored for comparison with 

simulation results. 
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Packing Simulation and Network Extraction: 

The glass beads which were used for the drying experiments described above were 

spread over a light microscope with bottom light configuration, and two-dimensional images 

are acquired. Images were obtained for approximately 1000 beads. An algorithm was 

developed to automate the process of finding the beads in those images, calculating their 

radii, and storing them in a data array. The algorithm is based on the principle of gating the 

bead images from the background, and calculating the radius from the cross-sectional area. 

The array was then used to determine the shape, mean, and width of the distribution of the 

bead sizes.8  This algorithm was validated by manually measuring 200 beads under the same 

microscope. Now, this distribution was used as one of the input parameters while running a 

three-dimensional Monte Carlo simulation of particle packing, in triplicate. During this 

simulation the particles are assigned random initial locations in the space. In each iteration, 

all the particles are moved sidewise and downward without overlapping each other and 

without crossing the boundary. The simulation stops on its own when the change in total 

potential energy of the system is 1x10-5. The packs thus obtained were converted into three-

dimensional pore-space images. These binary pore-space images were run through the three-

dimensional skeletonization algorithm developed in-house. The details of the simulation and 

image processing algorithms and their validations are given in our previous publication.8 The 

final output of this image processing pipeline were the pore-throat network of the simulated 

bead packs, which had information regarding the location of pore centers, their respective 

radii, the throat connecting the pores, the respective minimal throat radii. 

Drying Simulation: 
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 The detailed pore network obtained in the previous section was the input for the 

drying simulation. The drying simulation was based on invasion percolation mechanism. The 

simulation initiates by emptying the first layer of pores in the network. In the next step 

onwards, for each currently empty pore the saturated pores connected to it were ascertained. 

The respective minimal radii, and the tortuosity of the throats which connect these saturated 

pores to the current empty pore were stored in two arrays. The minimal radii and tortuosity 

arrays were multiplied element by element. The largest element of this product array was 

found and the corresponding throat was determined. Now in the current invasion step, the 

saturated pore which was connected to the current empty pore through this throat was 

emptied. As one pore was emptied the corresponding pore and throat volume was dumped 

into a buffer variable. As the value of this buffer variable reached the convective mass 

transfer rate, determined by aforesaid experiment, the current time step stopped. This process 

continued until all the pores are emptied and the porous bed is completely dry. The steps of 

the algorithm are elaborated in Fig. 4. 
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Figure 4: Invasion percolation algorithm for drying simulation 

Quantitative Image Processing: 

An image processing algorithm was developed to calculate the number of wet patches 

in those images. The wet patches were defined as 8-connected isolated objects which had 

zero-valued pixels throughout its boundary. The fractal dimensions of the saturation maps (at 
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all the time points during drying) were then calculated using box-counting method. 36 The 

saturation maps were first binary gated, followed by its contour extraction. The image was 

then divided into square boxes of pixel dimensions ranging from 2 to 32. In each case the 

total number of boxes that contained a part of the contour is stored. A plot is obtained for 

each saturation map where the x-axis is the log(1/block size) and the y-axis is the log(number 

of boxes containing the contour). The slope of this plot was the fractal dimension37 of the 

saturation distribution. The algorithm flow chart is given in Figure 5. Figure 6 shows the 

steps in calculating the fractal dimension. 
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Figure 5: Flow chart of algorithm developed for determination fractal dimension using box 
counting technique 
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Saturation Map Contour Map of Gated Image Box Length = 32pixels
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Figure 6: Determination of fractal dimension using box counting method 
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Statistical Analysis: 

A quantitative comparison between the distributions of number of wet patches at different 

drying times obtained from the drying simulation and that from the NMR image was done by 

Kolmogorov-Smirnov statistics test.38 Kolmogorov-Smirnov test statistic is the maximum of 

absolute differences between two cumulative distribution functions of the distributions being 

compared46. The change in fractal dimension of the saturated regions in case of simulation 

and NMR imaging experiment was compared with a p-value of 0.05. 

RESULTS AND DISCUSSIONS: 

NMR Imaging: 

The saturation or proton density maps obtained through both MRI drying experiment 

are shown in figure 6. Only four of the 16 proton density maps are shown here for clarity. 

The whole time series of proton density map is provided in the appendix section. The proton 

density maps correspond to the saturation distribution in the porous bed during drying. A 

clear drying front is not evident from these experimental data.  

Wet Patch Evolution: 

 The spatial distribution of saturation within the sample is characterized, in this study, 

through the number of wet patches developed during the drying process. The evolution of the 

number of wet patches formed as the drying progressed are shown in figure 7, and 8 for 500µ 

and 250µ diameter beads, respectively. The y-error bars in the plots indicate the standard 

deviations among the three replications. A similar trend in the change in number of wet 

patches is observed in experimental and simulation data. The wet patch distribution data from 

experiment and simulation were compared quantitatively using Kolmogorov-Smirnov 

statistics. The value of Kolmogorov-Smirnov statistic in this case was 0.051, which is more 
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than 0.04702 the table value of w1-α quantile with the level of significance (α) as 0.05. 

Hence, we can conclude that the distribution of wet patches during drying were statistically 

different (with significance level of 0.05) between experiment and simulation. This 

discrepancy can possibly be attributed to: imperfect binary gating of the MRImages leading 

to artificial rupture of some wet patches, and lower resolution of the imaging method leading 

to inaccurate assignment of pixels as part of wet or dry regions. More sophisticated 

segmentation techniques involving local statistical correlation, or adaptive computation based 

method can possibly improve the accuracy of wet patch detection. 

Fractal Dimension Analysis: 

 As the spatial distribution of saturation during drying was observed to be 

inhomogeneous, the complexity of the structures of saturated regions was characterized 

quantitatively by their fractal dimensions. The fractal dimension of saturation map for both 

the sizes of beads took up values between 2 and 1 although two-dimensional images were 

analyzed. This is an expected outcome because of the complexity of the structure of the pore 

space. In both 250µ and 500µ beads the fractal numbers decreased as the drying progressed 

during the experiment. This experimental data agreed well with the simulation outputs as 

shown in figures 6, and 7. Surface treated glass beads used in this work being neither 

hydrophilic nor hydrophobic larger pores were expected to empty first before the smaller 

ones. As the drying progressed, saturated smaller pores became predominant constituent of 

the wet patches, reducing the overall fractal dimension. A statistical comparison between the 

time-series data of fractal dimensions in case of experimental data and simulation showed 

that they were equivalent at the p-value of 0.05. 

Drying Curve Analysis: 
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 The overall effect of drying of the glass bead packs were studied by drying curves, 

where the total saturation of the pack is recorded at regular time intervals. The comparisons 

between the gravimetric and simulation results are shown in figure 11 and 12 for 500µ and 

250µ diameter beads, respectively. It is observed in the gravimetric data that the drying rate 

starts to reduce towards the end of drying. This pattern is not observed in the simulation 

results. But if only the first part of the drying curves are compared, a good agreement is 

observed between the simulation and the experimental data, showing that the realistic pore 

network based drying simulation is capable of predicting isothermal drying to a reasonable 

extent. In the simulation, it is assumed that there was no surface interaction between water 

and glass beads. This assumption was based on the microscopic examination of the contact 

angle after the surface treatment. Although, the contact angle was observed to be 88o in the 

surface treated capillary, the surface treatment on all the beads may not be uniform. There 

may be some residual hydrophilicity on the glass bead surface even after the surface 

treatment. This can contribute to a very thin strongly bound layer of water over the glass 

bead surface. Removal of this water during drying will be difficult. Hence, the rate of drying 

reduced towards the end of drying when the proportion of bound water in the total saturation 

increased significantly. This phenomenon is also evidenced by the fact that the total 

saturation of the bead pack did not go to zero at the end of drying, since removal of strongly 

bound closest layer of water needed enough activation energy, which could not be provided 

by the isothermal room temperature drying set up of the experiment. The faster drying of the 

500µ bead pack as compared to the 250µ can be due to lower capillary resistance and throat 

density. In this study, a very small packed bed was used for experimentation, the air supply 

was at 25oC, air was flowing around the packed bed, and the flow rate was moderate. Hence 
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it was reasonable to assume that there was no thermal gradient developing in the bed during 

the drying process. A moderate amount of thermal gradient formed due to evaporative 

cooling can also contribute to slower drying in gravimetric experiment. 
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Figure 7: Proton density map of glass bead pack obtained through NMR spin-echo micro-
imaging (all time points are shown in the appendix section).[sample dimension: 
1cmx1cmx2cm; scales indicate water proton density] 
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Figure 8: Evolution of wet patches during 500µ mean diameter glass bead drying (dotted line 
experimental data, solid line simulation data) 
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Figure 9: Evolution of wet patches during 250µ mean diameter glass bead drying (dotted line 
experimental data, solid line simulation data) 
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Figure 10: Change in fractal dimension during 500µ mean diameter glass bead drying (dotted 
line experimental data, solid line simulation data) 
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Figure 11: Change in fractal dimension during 250µ mean diameter glass bead drying (dotted 
line experimental data, solid line simulation data) 
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Figure 12: Drying curves from gravimetric measurement and simulation for 500µ diameter 
beads 
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Figure 13: Drying curves from gravimetric measurement and simulation for 250µ diameter 
beads 
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CONCLUSION: 

 Drying of unconsolidated porous media under isothermal condition is investigated 

using non-invasive saturation mapping by in-situ magnetic resonance imaging and invasion 

percolation based simulation based on realistic pore network information extracted from 

reconstructed porous media. Quantitative characterization of experimental and simulation 

data was done by means of evolution of wet patches, fractal dimensions of saturated region, 

and drying curves. The wet patch evolution patterns were similar but statistically different. 

This discrepancy can be attributed to improper segmentation and assignment of pixels. The 

evolution of fractal dimension of saturated regions agreed well indicating that the pore 

network based method was able to simulate the spatial complexity of drying in porous media. 

The drying curves from gravimetric experiment and simulation agreed well in the higher 

saturation region. The difference in drying rate towards the end can be due to the surface 

effect of the glass beads. 
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Figure 14: Set up for in-situ drying inside MRI instrument 
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Figure 15: Drying columns, bypass line through humidifier, flow meter/controller 
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Figure 16: PID controller, heat exchanger, online temperature sensor, Bruker Ultrashield 
500MHz microimaging system 
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Figure 17: Drying Cell (a) top view (top image); (b) side view (bottom image) 
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Figure 18: Proton density map of glass bead pack obtained through NMR spin-echo micro-

imaging 
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Figure 19: Calibration of Microscopic Images 

 

 

Matlab codes for microscopic image analysis for automated bead size determination: 

function [ ]= particle_size_distn() 
%J=imread('C:\250_mag12_reg2.tif'); 
%imshow(J), title('Original Image') 
I = imread('C:\Documents and Settings\Kevin Keener\My Documents\SUPRIYO\PhDExperiment\BeadSizeAnalysis\Images\Beads\500u_bottomlight\500u\reg20.tif'); 
%imshow(I), title('Original Image') 
I = rgb2gray(I); 
%figure, imshow(I), title('GrayLevel Image') 
%I2 = medfilt2(I,[15 15]); 
%figure, imshow(I2) 
%background = imopen(I, strel('disk', 18)); 
%figure, imshow(background), title('background') 
%I = imsubtract(I, background); 
%figure, imshow(I), title('background removed') 
%lev = graythresh(I) 
%figure,imhist(I) 
I = im2bw(I,0.70); 
figure, imshow(I), title('Thresholded Image') 
%I = imopen(I, strel('disk', 2)); 
%figure, imshow(I) 
%se = strel('disk',5); 
I = imfill(I,'holes'); 
figure, imshow(I), title('Filled Image') 
L = bwlabel(I); 
num_beads = max(L(:)) 
stats = regionprops(L, 'EquivDiameter'); 
allDia = [stats.EquivDiameter]; 
allDia = (allDia)' 
%figure, hist(allDia) 
%MeanDia = mean(allDia) 
%MedianDia = median(allDia) 
%SD = std(allDia) 
%MaxDia = max(allDia) 
%MinDia = min(allDia) 
 
 
Matlab codes for simulations 
(a) 3D Monte Carlo simulation of particle packing 
function [x_p,y_p,z_p,r_p]= sphere_mc_3d() 
%==============================================================% input variables : none 
% output variables : none 
% subfunctions : checkoverlap, removeoverlap, changeposition 
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% author : Supriyo Ghosh 
% last modified: Dec. 22, 2005 
% This function does a MonteCarlo simulation of particles in a defined 3D space. The particle sizes 
% are distributed normally. The 3D space has hard walls. Particles are hard particles. 
% ============================================================================================== 
%randomly generating particle sizes 
m=25; %mean particle radius in microns 
v=0; %particle radii variance 
global xmax ymax zmax; 
xmax=500; % dimension of container in x-direction 
ymax=500; % dimension of container in x-direction 
zmax=1500; % dimension of container in z-direction 
pnum=150; % number of particles used 
count=0; 
e_potential_temp=10e100; %intitializing total potential energy of the system 
e_potential_save=[]; 
%=============================================================================================== 
particles.r(1:pnum)=round(m+sqrt(v)*randn(1,pnum)); %randomly assigning radii to all the particles 
r=particles.r; 
bx=xmax-r; 
by=ymax-r; 
bz=zmax-r; 
particles.x(1:pnum)=r+(bx-r).*rand(1,pnum); %generates random numbers in the range r:xmax-r 
particles.y(1:pnum)=r+(by-r).*rand(1,pnum); %generates random numbers in the range r:xmax-r 
particles.z(1:pnum)=r+(bz-r).*rand(1,pnum); %generates random numbers in the range r:zmax-r 
for i=1:pnum 
        p.x = particles.x(i); 
        p.y = particles.y(i); 
        p.z = particles.z(i); 
        p.r = particles.r(i); 
        e_interaction_sum = checkoverlap(particles,p,i); 
        p = removeoverlap(particles,p,e_interaction_sum,i); 
        particles.x(i) = p.x; 
        particles.y(i) = p.y; 
        particles.z(i) = p.z; 
        particles.r(i) = p.r; 
end 
%=========initial position plot================= 
figure,scatter3(particles.x, particles.y, particles.z), title('Initial Distribution') 
% figure 
% for k=1:pnum 
% circle([particles.x(k) particles.z(k)],r(k),1); 
% axis([0 xmax 0 zmax]); 
% end 
%=============================================== 
fid = fopen('TotalPotential','w'); 
while (count<=100) % number of iterations 
    for i=1:pnum 
        p.x = particles.x(i); 
        p.y = particles.y(i); 
        p.z = particles.z(i); 
        p.r = particles.r(i); 
        p = changeposition(p); 
        particles.x(i) = p.x; 
        particles.y(i) = p.y; 
        particles.z(i) = p.z; 
        particles.r(i) = p.r; 
        e_interaction_sum = checkoverlap(particles,p,i); 
        p = removeoverlap(particles,p,e_interaction_sum,i); 
        particles.x(i) = p.x; 
        particles.y(i) = p.y; 
        particles.z(i) = p.z; 
        particles.r(i) = p.r; 
    end 
    %========================================================== 
%     if (count==0) 
%             for k=1:pnum 
%                 circle([particles.x(k) particles.z(k)],r(k),1); 
%                 axis([0 xmax 0 zmax]); 
%             end 
%     end 
    %========================================================== 
    e_potential=((r.^3).*particles.z); %calculate potential energy 
    e_potential=sum(e_potential);      %of the whole system 
    fprintf(fid,'%10.2f \n',e_potential); 
    %====save particle positions after every 50 iterations======= 
    R = rem(count,50); 
    if R == 0 
        save(strcat('position',int2str(count)),'particles'); 
    end 
    count = count + 1; 
    count 
     
end % while 
fclose(fid); 
  
for i=1:pnum 
    x_p(i) = particles.x(i); 
    y_p(i) = particles.y(i); 
    z_p(i) = particles.z(i); 
    r_p(i) = particles.r(i); 
end 
x_p = x_p'; 
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y_p = y_p'; 
z_p = z_p'; 
r_p = r_p'; 
  
%===final position plot=========================================== 
figure,scatter3(x_p,y_p,z_p),title('Final Distribution') 
% figure,plot3(x_p,y_p,z_p,'.r'),,title('Final Distribution') 
% figure 
% for k=1:pnum 
% circle([particles.x(k) particles.z(k)],r(k),1); 
% axis([0 xmax 0 zmax]); 
% end 
%================================================================= 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
function [e_interaction_sum]=checkoverlap(particles,p,index) 
  
% checks if particle p overlaps with any of neighborhood particle, neighbourhood radius defined as radius(p)+radius(largest particle) 
  
e_interaction_sum=0; % initialize to zero each time 
  
% check overlap between neighborhood particles 
rmax = max(particles.r); 
neighborhood_r = p.r + rmax; % maximum distance between two particles which are just touching is sum of current particle radius and maximum radius in the distribution 
% select particles falling in this neighborhood 
x1=p.x-neighborhood_r; 
x2=p.x+neighborhood_r; 
y1=p.y-neighborhood_r; 
y2=p.y+neighborhood_r; 
z1=p.z-neighborhood_r; 
z2=p.z+neighborhood_r; 
  
temp=(find(particles.x>(x1)& particles.x<(x2)& particles.y>(y1)& particles.y<(y2) & particles.z>(z1)& particles.z<(z2))); 
NeighborhoodParticles.x=particles.x(temp); 
NeighborhoodParticles.y=particles.y(temp); 
NeighborhoodParticles.z=particles.z(temp); 
NeighborhoodParticles.r=particles.r(temp); 
pnum = length(NeighborhoodParticles.r); 
  
for i=1:pnum 
     pix=NeighborhoodParticles.x(i); 
     piy=NeighborhoodParticles.y(i); 
     piz=NeighborhoodParticles.z(i); 
     s=sqrt((pix-p.x)^2+(piy-p.y)^2+(piz-p.z)^2); 
     d=NeighborhoodParticles.r(i)+p.r; 
        %calculating interaction energy================================== 
        if (s>=d | s==0) 
           e_interaction=0; % no overlap 
        else 
           e_interaction=10e7; 
           e_interaction_sum=e_interaction_sum+1; %overlap 
        end 
end 
  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
function [p]=removeoverlap(particles,p,e_interaction_sum,index) 
global xmax ymax zmax; 
  
bx=xmax-p.r; 
by=ymax-p.r; 
bz=zmax-p.r; 
while (e_interaction_sum~=0) 
        % change position of p  
        p = changeposition(p); 
         
        % check if this new position overlaps with any particle 
        e_interaction_sum = checkoverlap(particles,p,index); 
        % if yes then iterate 
end 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
function [p] = changeposition(p) 
  
global xmax ymax zmax; 
bx=xmax-p.r; 
by=ymax-p.r; 
bz=zmax-p.r; 
delta=10; 
inc_x=(-1)+(2)*rand(1); % x increment = a random number between +delta and -delta 
p.x=p.x + delta*inc_x; 
if p.x>bx % if new position comes outside the right wall assign equal to wall 
    p.x = bx;  
end 
if p.x<p.r % if new position comes outside the left wall assign equal to wall 
    p.x = p.r; 
end 
inc_y=(-1)+(2)*rand(1); % y increment = a random number between +delta and -delta 
p.y=p.y + delta*inc_y; 
if p.y>by % if new position comes outside the front wall assign equal to wall 
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    p.y = by;  
end 
if p.y<p.r % if new position comes outside the back wall assign equal to wall 
    p.y = p.r; 
end 
% similarly check and reposition in z dimension 
inc_z=(0)+(1)*rand(1); 
p.z = p.z - delta*inc_z; 
if p.z<p.r  
    p.z = p.r; 
end 
 
 
(b) Reconstruction of sphere pack 3d image 
function [Image_reg_2]= sphere_packimage_3d(r_p,x_p,y_p,z_p) 
%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% x = (20:20:80); 
% y = (20:20:80); 
% z = (20:20:80); 
% [X, Y, Z]= meshgrid(x,y,z); 
% x_p = X(:); 
% y_p = Y(:); 
% z_p = Z(:); 
% r_p = ones(64,1); 
% r_p = r_p.*10; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%r_p = 50; 
%x_p = load('C:\Documents and Settings\Kevin Keener\My Documents\SUPRIYO\Analyt_Symp05\ParticlePacking-SLR\SpherePack_SLR\var-10\x_p.txt'); 
%y_p = load('C:\Documents and Settings\Kevin Keener\My Documents\SUPRIYO\Analyt_Symp05\ParticlePacking-SLR\SpherePack_SLR\var-10\y_p.txt'); 
%z_p = load('C:\Documents and Settings\Kevin Keener\My Documents\SUPRIYO\Analyt_Symp05\ParticlePacking-SLR\SpherePack_SLR\var-10\z_p.txt'); 
%r_p = load('C:\Documents and Settings\Kevin Keener\My Documents\SUPRIYO\Analyt_Symp05\ParticlePacking-SLR\SpherePack_SLR\var-10\r_p.txt'); 
%r_p = round(r_p); 
%x_p = round(x_p); 
%y_p = round(y_p); 
%z_p = round(z_p); 
pnum = length(r_p); 
Image = zeros(100,100,150); 
for p=1:pnum 
    I = zeros(100,100,150); 
    I(x_p(p),y_p(p),z_p(p))=1; 
    D = bwdist(I,'euclidean'); 
    I2 = zeros(100,100,150); 
    for i=1:100 
        for j=1:100 
            for k=1:150 
                if(D(i,j,k)<=r_p(p)) 
                    I2(i,j,k)=1; 
                else 
                    I2(i,j,k)=0; 
                end 
            end 
        end 
    end 
    Image = Image + I2; 
    p 
end 
for i=1:100 
        for j=1:100 
            for k=1:150 
                if(Image(i,j,k)==0) 
                    Image(i,j,k)=0; 
                else 
                    Image(i,j,k)=1; 
                end 
            end 
        end 
end 
Image_reg_2 = Image; 
save('C:\Documents and Settings\Kevin Keener\My Documents\SUPRIYO\PhDExperiment\SpherePack\Regular_2\Image_reg_2','Image_reg_2'); 
%I3 = imrotate(Image,-90,'bilinear'); 
  
%imshow(I3(:,:,10),[],'n') 
  
%filename = '3dsphere_pack.vox'; 
%I3 = permute(I3,[2,3,1]); 
%I3 = flipdim(I3,3); 
%I3 = flipdim(I3,1); 
%fid = fopen(filename,'wb'); 
%fwrite(fid,I3,'double'); 
%fclose(fid); 
(c) Bulk porosity measurement 
function [Image,bulk_porosity]= sphere_pack_porosity(r_p,x_p,y_p,z_p) 
  
%r_p = 50; 
%x_p = load('C:\Documents and Settings\Kevin Keener\My Documents\SUPRIYO\PhDExperiment\SpherePack\3DResults\x.txt'); 
%y_p = load('C:\Documents and Settings\Kevin Keener\My Documents\SUPRIYO\PhDExperiment\SpherePack\3DResults\y.txt'); 
%z_p = load('C:\Documents and Settings\Kevin Keener\My Documents\SUPRIYO\PhDExperiment\SpherePack\3DResults\z.txt'); 
%r_p = load('C:\Documents and Settings\Kevin Keener\My Documents\SUPRIYO\PhDExperiment\SpherePack\3DResults\r.txt'); 
r_p = round(r_p); 
x_p = round(x_p); 
y_p = round(y_p); 
z_p = round(z_p); 
pnum = length(r_p); 
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Image = zeros(100,100,150); 
for p=1:pnum 
    I = zeros(100,100,150); 
    I(x_p(p),y_p(p),z_p(p))=1; 
    D = bwdist(I,'euclidean'); 
    I2 = zeros(100,100,150); 
    for i=1:100 
        for j=1:100 
            for k=1:150 
                if(D(i,j,k)<=r_p(p)) 
                    I2(i,j,k)=1; 
                else 
                    I2(i,j,k)=0; 
                end 
            end 
        end 
    end 
    Image = Image + I2; 
    p 
end 
for i=1:100 
        for j=1:100 
            for k=1:150 
                if(Image(i,j,k)==0) 
                    Image(i,j,k)=0; 
                else 
                    Image(i,j,k)=1; 
                end 
            end 
        end 
end 
  
I = ~Image(21:80,21:80,21:80); 
bulk_porosity = sum(I(:))/(60*60*60); 
%I3 = imrotate(Image,-90,'bilinear'); 
  
%imshow(I3(:,:,10),[],'n') 
  
%filename = '3dsphere_pack.vox'; 
%I3 = permute(I3,[2,3,1]); 
%I3 = flipdim(I3,3); 
%I3 = flipdim(I3,1); 
%fid = fopen(filename,'wb'); 
%fwrite(fid,I3,'double'); 
%fclose(fid); 
(d) Coordination number determination: 
function [contact_no,av_con_no] = coordination_number() 
  
% calculates the average number of touching spheres in a simulated papcked bed 
x_p = load('C:\Documents and Settings\Kevin Keener\My Documents\SUPRIYO\Analyt_Symp05\ParticlePacking-SLR\SpherePack_SLR\var-01\x_p.txt'); 
y_p = load('C:\Documents and Settings\Kevin Keener\My Documents\SUPRIYO\Analyt_Symp05\ParticlePacking-SLR\SpherePack_SLR\var-01\y_p.txt'); 
z_p = load('C:\Documents and Settings\Kevin Keener\My Documents\SUPRIYO\Analyt_Symp05\ParticlePacking-SLR\SpherePack_SLR\var-01\z_p.txt'); 
r_p = load('C:\Documents and Settings\Kevin Keener\My Documents\SUPRIYO\Analyt_Symp05\ParticlePacking-SLR\SpherePack_SLR\var-01\r_p.txt'); 
pnum = length(r_p); 
Image = zeros(100,100,150); 
for p=1:pnum 
    I = zeros(100,100,150); 
    I(x_p(p),y_p(p),z_p(p))=1; 
    D = bwdist(I,'euclidean'); 
    I2 = zeros(100,100,150); 
    for i=1:100 
        for j=1:100 
            for k=1:150 
                if(D(i,j,k)<=r_p(p)) 
                    I2(i,j,k)=p; 
                else 
                    I2(i,j,k)=0; 
                end 
            end 
        end 
    end 
    Image = Image + I2; 
    p 
end 
nI = Image; 
contact_no = 0; 
for i=2:99 
        for j=2:99 
            for k=2:149 
                if(Image(i,j,k)~=0) 
                    m = 0; 
                    if (nI(i-1,j-1,k+1)~=0)&(nI(i-1,j-1,k+1)~= nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i-1,j,k+1)~=0)&(nI(i-1,j,k+1)~= nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i-1,j+1,k+1)~=0)&(nI(i-1,j+1,k+1)~= nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i,j-1,k+1)~=0)&(nI(i,j-1,k+1)~= nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i,j,k+1)~=0)&(nI(i,j,k+1)~=nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i+1,j-1,k+1)~=0)&(nI(i+1,j-1,k+1)==nI(i,j,k)) 
                        m = m+1; 
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                    elseif (nI(i+1,j,k+1)~=0)&(nI(i+1,j,k+1)~=nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i+1,j+1,k+1)~=0)&(nI(i+1,j+1,k+1)~=nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i-1,j-1,k)~=0)&(nI(i-1,j-1,k)~=nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i-1,j,k)~=0)&(nI(i-1,j,k)~=nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i-1,j+1,k)~=0)&(nI(i-1,j+1,k)~=nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i+1,j-1,k)~=0)&(nI(i+1,j-1,k)~=nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i-1,j-1,k-1)~=0)&(nI(i-1,j-1,k-1)~=nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i,j-1,k)~=0)&(nI(i,j-1,k)~=nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i-1,j,k-1)~=0)&(nI(i-1,j,k-1)~=nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i-1,j+1,k-1)~=0)&(nI(i-1,j+1,k-1)~=nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i+1,j,k)~=0)&(nI(i+1,j,k)~=nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i,j-1,k-1)~=0)&(nI(i,j-1,k-1)~=nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i+1,j+1,k)~=0)&(nI(i+1,j+1,k)~=nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i,j,k-1)~=0)&(nI(i,j,k-1)~=nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i+1,j-1,k-1)~=0)&(nI(i+1,j-1,k-1)~=nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i+1,j,k-1)~=0)&(nI(i+1,j,k-1)~=nI(i,j,k)) 
                        m = m+1; 
                    elseif (nI(i+1,j+1,k-1)~=0)&(nI(i+1,j+1,k-1)~=nI(i,j,k)) 
                        m = m+1; 
                    end 
                end 
                if (m ~= 0) 
                    contact_no = contact_no + 1; 
                end 
            end 
        end 
end 
  
av_con_no = contact_no / pnum; 
(e) Radial distribution function determination 
function [Map10]= rad_distn_func(Image) 
  
% generates radial distribution function for a packed bed 
%Image = load('C:\Documents and Settings\Kevin Keener\My Documents\SUPRIYO\Analyt_Symp05\ParticlePacking-SLR\SpherePack_SLR\var-10\Image_var-01.mat'); 
Image = ~Image(1:100,1:100,1:100); 
space = zeros(100,100,100); 
space(50,50,:)=1; % axis of the cylinder 
D = bwdist(space,'euclidean'); 
r1 = (30:-10:10); % outer radius of the cylindrical band 
r2 = (20:-10:0); % inner radius of the cylindrical band 
M = zeros(100,100); 
for r = 1:length(r1) 
    cyl = zeros(100,100,100); 
    for i=1:100 
        for j=1:100 
            for k=1:100 
                if (D(i,j,k)<=r1(r))&(D(i,j,k)>r2(r)) 
                    cyl(i,j,k)=1; 
                end 
            end 
        end 
    end 
    s = Image .* cyl; 
    secn = sum(s(:)); 
    voxel_vol = sum(cyl(:)); 
    rad_porosity(r) = secn/voxel_vol; 
    for i=1:100 
        for j=1:100 
             
                if (cyl(i,j,1) == 1) 
                    M(i,j)=rad_porosity(r); 
                end 
             
        end 
    end 
end 
Map10=M; 
save('C:\Documents and Settings\Kevin Keener\My Documents\SUPRIYO\Analyt_Symp05\ParticlePacking-SLR\SpherePack_SLR\var-10\Map10','Map10'); 
%plot(rad_porosity,'.r'), title('Porosity Radial Distribution Function') 
%figure, plot(secn,'.m'), title('section') 
%figure, plot(voxel_vol,'.g'), title('voxel volume') 
% x = (1:1:100); 
% y = (1:1:100); 
% [X,Y,Z] = meshgrid(x,y,M); 
% surf(X,Y,Z) 
% axis square 
% shading interp 
%pcolor(M) 
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%imshow(M,[],'n') 
%colormap jet 
%axis equal tight 
%title('Variance 0.01') 
(f) Connected Skeleton: 
function [skel,NUM] = skel_connected(image) 
  
% temp = int8(Image_2(36:85,36:85,36:85)); 
temp = int8(image); 
% temp = smooth3(temp,'box',3); 
[s1,s2,s3] = size(temp); 
nI = int8(zeros(s1+20,s2+20,s3+20)); 
nI(11:s1+10,11:s2+10,11:s3+10) = temp; 
[s1,s2,s3]=size(nI); 
  
[L,NUM1] = bwlabeln(nI,26); 
  
max1 = max(max(max(L))) 
  
for i=1:s1 
    for j=1:s2 
        for k=1:s3 
            if (L(i,j,k) > 1) 
                nI(i,j,k) = 0; 
            end 
        end 
    end 
end 
  
[L,NUM2] = bwlabeln(nI,26); 
  
max2 = max(max(max(L))) 
  
  
  
  
counter = 1; 
layer = 0; 
H = 1; 
nI_prev = nI; 
  
while (H ~= 0) 
     
    skin = int8(zeros(s1,s2,s3)); 
    for i=2:(s1-1) 
        for j=2:(s2-1) 
            for k=2:(s3-1) 
                if (nI(i,j,k)==1) 
                    N26 = nI(i-1,j-1,k+1) + nI(i-1,j,k+1)  + nI(i-1,j+1,k+1) + ... 
                              nI(i,j-1,k+1)   + nI(i,j,k+1)    + nI(i,j+1,k+1)   + ... 
                              nI(i+1,j-1,k+1) + nI(i+1,j,k+1)  + nI(i+1,j+1,k+1) + ... 
                              nI(i-1,j-1,k)   + nI(i-1,j,k)    + nI(i-1,j+1,k)   + ... 
                              nI(i,j-1,k)     +                  nI(i,j+1,k)     + ... 
                              nI(i+1,j-1,k)   + nI(i+1,j,k)    + nI(i+1,j+1,k)   + ... 
                              nI(i-1,j-1,k-1) + nI(i-1,j,k-1)  + nI(i-1,j+1,k-1) + ... 
                              nI(i,j-1,k-1)   + nI(i,j,k-1)    + nI(i,j+1,k-1)   + ... 
                              nI(i+1,j-1,k-1) + nI(i+1,j,k-1)  + nI(i+1,j+1,k-1); 
%                     N6 = nI(i,j,k+1) + nI(i-1,j,k) + nI(i,j-1,k) + nI(i,j+1,k) + nI(i+1,j,k) + nI(i,j,k-1); 
                    if (N26<26) 
                        skin(i,j,k) = 1; 
                    end 
                end 
            end 
        end 
    end 
    s = sum(sum(sum(skin))) 
  
    counter = 0; 
    for i=4:(s1-3) 
        for j=4:(s2-3) 
            for k=4:(s3-3) 
                if (skin(i,j,k)==1) 
                 N26 = nI(i-1,j-1,k+1) + nI(i-1,j,k+1)  + nI(i-1,j+1,k+1) + ... 
                          nI(i,j-1,k+1)   + nI(i,j,k+1)    + nI(i,j+1,k+1)   + ... 
                          nI(i+1,j-1,k+1) + nI(i+1,j,k+1)  + nI(i+1,j+1,k+1) + ... 
                          nI(i-1,j-1,k)   + nI(i-1,j,k)    + nI(i-1,j+1,k)   + ... 
                          nI(i,j-1,k)     +                  nI(i,j+1,k)     + ... 
                          nI(i+1,j-1,k)   + nI(i+1,j,k)    + nI(i+1,j+1,k)   + ... 
                          nI(i-1,j-1,k-1) + nI(i-1,j,k-1)  + nI(i-1,j+1,k-1) + ... 
                          nI(i,j-1,k-1)   + nI(i,j,k-1)    + nI(i,j+1,k-1)   + ... 
                          nI(i+1,j-1,k-1) + nI(i+1,j,k-1)  + nI(i+1,j+1,k-1); 
                   if (N26 > 2) 
                        temp = nI(i-10:i+10,j-10:j+10,k-10:k+10); 
                        [L,NUM_prev] = bwlabeln(temp); 
                        temp(11,11,11) = 0; 
                        [L,NUM_current] = bwlabeln(temp); 
                        if (NUM_prev == NUM_current) 
                            nI(i,j,k) = 0; 
                            counter = counter + 1; 
                            R = rem(counter,1000); 
                            if (R == 0) 
                                counter 
                            end 
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                        end 
                   end 
                end 
  
  
            end 
        end 
    end 
     
    H = (nI ~= nI_prev); 
    H = sum(sum(sum(H))); 
  
    nI_prev = nI; 
    layer = layer + 1 
  
    % save(strcat('/home/ghosh/SUPRIYO/PackingResults/skeleton/layer',int2str(layer)),'nI'); 
  
    % figure,imshow(nI(:,:,25),[]), title(strcat('layer',int2str(layer))) 
  
end 
  
  
skel = int8(nI(11:(s1-10),11:(s2-10),11:(s3-10))); 
[L,NUM]=bwlabeln(skel,26); 
(g) Ma-Sonka Skeletonization: 
unction [nI] = ma_sonka_skeletonization(Image) 
  
%This code tries to find the 3D skeleton of the pore-space using the template  
% based parallel thinning algorithm proposed by Ma & Sonka,Comp. Vision & Image  
% Understanding, vol.64,no.3,pp420-433,1996 
sz = size(Image); 
I = zeros((sz(1)+10),(sz(2)+10),(sz(3)+10)); 
I(6:(sz(1)+5),6:(sz(2)+5),6:(sz(3)+5)) = Image; 
s = size(I); 
nI = I; % creating a new 3D copy which will be updated in each new iteration 
counter = 0 %initializing the iteration progress counter 
deletable = 1; % initializing 'deletable' to enter the first iteration 
while (sum(deletable(:)) ~= 0)  
% p isolates the voxels in object which have atleast one background voxel in 26-neighborhood 
p = zeros(s(1),s(2),s(3)); 
for i=1:s(1) 
    for j=1:s(2) 
        for k=1:s(3) 
            if (nI(i,j,k) ~= 0) 
                conn_26 = nI(i-1,j-1,k+1) + nI(i-1,j,k+1) + nI(i-1,j+1,k+1) + nI(i,j-1,k+1) +... 
                            nI(i,j,k+1) + nI(i+1,j-1,k+1) + nI(i+1,j,k+1) + nI(i+1,j+1,k+1) +... 
                            nI(i-1,j-1,k) + nI(i-1,j,k) + nI(i-1,j+1,k) + nI(i+1,j-1,k) +... 
                            nI(i-1,j-1,k-1) + nI(i,j-1,k) + nI(i-1,j,k-1) + nI(i-1,j+1,k-1) +... 
                            nI(i+1,j,k) + nI(i,j-1,k-1) + nI(i+1,j+1,k) + nI(i,j,k-1) +... 
                            nI(i+1,j-1,k-1) + nI(i+1,j,k-1) + nI(i+1,j+1,k-1); 
                if (conn_26 < 26) 
                    p(i,j,k) = 1; 
                end 
            end 
        end 
    end 
end 
  
% if p has only one non-zero(object) neighbor in the 26-connectivity neighbor i.e. a line-end-point, then it is not deletable 
for i=1:s(1) 
    for j=1:s(2) 
        for k=1:s(3) 
            if (p(i,j,k) ~= 0) 
                conn_26 = nI(i-1,j-1,k+1) + nI(i-1,j,k+1) + nI(i-1,j+1,k+1) + nI(i,j-1,k+1) +... 
                            nI(i,j,k+1) + nI(i+1,j-1,k+1) + nI(i+1,j,k+1) + nI(i+1,j+1,k+1) +... 
                            nI(i-1,j-1,k) + nI(i-1,j,k) + nI(i-1,j+1,k) + nI(i+1,j-1,k) +... 
                            nI(i-1,j-1,k-1) + nI(i,j-1,k) + nI(i-1,j,k-1) + nI(i-1,j+1,k-1) +... 
                            nI(i+1,j,k) + nI(i,j-1,k-1) + nI(i+1,j+1,k) + nI(i,j,k-1) +... 
                            nI(i+1,j-1,k-1) + nI(i+1,j,k-1) + nI(i+1,j+1,k-1); 
                if (conn_26 == 1) 
                    p(i,j,k) = 0; 
                end 
            end 
        end 
    end 
end 
  
% retain only non-tail points 
for i=1:s(1) 
    for j=1:s(2) 
        for k=1:s(3) 
            if (p(i,j,k) ~= 0) 
                conn_26 = nI(i-1,j-1,k+1) + nI(i-1,j,k+1) + nI(i-1,j+1,k+1) + nI(i,j-1,k+1) +... 
                            nI(i,j,k+1) + nI(i+1,j-1,k+1) + nI(i+1,j,k+1) + nI(i+1,j+1,k+1) +... 
                            nI(i-1,j-1,k) + nI(i-1,j,k) + nI(i-1,j+1,k) + nI(i+1,j-1,k) +... 
                            nI(i-1,j-1,k-1) + nI(i,j-1,k) + nI(i-1,j,k-1) + nI(i-1,j+1,k-1) +... 
                            nI(i+1,j,k) + nI(i,j-1,k-1) + nI(i+1,j+1,k) + nI(i,j,k-1) +... 
                            nI(i+1,j-1,k-1) + nI(i+1,j,k-1) + nI(i+1,j+1,k-1); 
                if (conn_26 == 2) % if p has only 2 non-zero neighbors then check the following for non-tail point 
                    if (nI(i,j,k-1)==1)&(nI(i,j+1,k)==1)&(nI(i-1,j,k)~=1) 
                        p(i,j,k) = 0; 
                    elseif (nI(i,j,k-1)==1)&(nI(i-1,j,k)==1)&(nI(i,j+1,k)~=1) 
                        p(i,j,k) = 0; %either {s(p)& e(p)} or {s(p) & u(p)} are object points but not both 
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                    elseif (nI(i,j,k+1)==1)&(nI(i,j-1,k)==1)&(nI(i-1,j,k)~=1) 
                        p(i,j,k) = 0; 
                    elseif (nI(i-1,j,k)==1)&(nI(i,j-1,k)==1)&(nI(i,j,k+1)~=1) 
                        p(i,j,k) = 0;%either {n(p)& w(p)} or {u(p) & w(p)} are object points but not both 
                    elseif (nI(i,j,k+1)==1)&(nI(i+1,j,k)==1)&(nI(i,j+1,k)~=1) 
                        p(i,j,k) = 0; 
                    elseif (nI(i,j+1,k)==1)&(nI(i+1,j,k)==1)&(nI(i,j,k+1)~=1) 
                        p(i,j,k) = 0;%either {n(p)& d(p)} or {e(p) & d(p)} are object points but not both 
                    end 
                end 
            end 
        end 
    end 
end 
  
  
  
% matching the four classes(i.e. A, B, C, D) of templates 
deletable = zeros(s(1),s(2),s(3)); 
  
  
% matching with class A 
for i=1:s(1) 
    for j=1:s(2) 
        for k=1:s(3) 
            if (p(i,j,k) ~= 0) 
                % checking template A(a) 
                if (nI(i,j+1,k)==1)&(nI(i-1,j-1,k+1)==0)&(nI(i,j-1,k+1)==0)&(nI(i+1,j-1,k+1)==0)&(nI(i-1,j-1,k)==0)&(nI(i,j-1,k)==0)&(nI(i+1,j-1,k)==0)&(nI(i-1,j-1,k-1)==0)&(nI(i,j-1,k-
1)==0)&(nI(i+1,j-1,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template A(b)     
                elseif (nI(i,j-1,k)==1)&(nI(i,j-2,k)==1)&(nI(i-1,j+1,k+1)==0)&(nI(i,j+1,k+1)==0)&(nI(i+1,j+1,k+1)==0)&(nI(i-1,j+1,k)==0)&(nI(i,j+1,k)==0)&(nI(i+1,j+1,k)==0)&(nI(i-
1,j+1,k-1)==0)&(nI(i,j+1,k-1)==0)&(nI(i+1,j+1,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template A(c)     
                elseif (nI(i,j,k+1)==1)&(nI(i-1,j-1,k-1)==0)&(nI(i-1,j,k-1)==0)&(nI(i-1,j+1,k-1)==0)&(nI(i,j-1,k-1)==0)&(nI(i,j,k-1)==0)&(nI(i,j+1,k-1)==0)&(nI(i+1,j-1,k-1)==0)&(nI(i+1,j,k-
1)==0)&(nI(i+1,j+1,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template A(d)     
                elseif (nI(i,j,k-1)==1)&(nI(i,j,k-2)==1)&(nI(i-1,j-1,k+1)==0)&(nI(i-1,j,k+1)==0)&(nI(i-1,j+1,k+1)==0)&(nI(i,j-1,k+1)==0)&(nI(i,j,k+1)==0)&(nI(i,j+1,k+1)==0)&(nI(i+1,j-
1,k+1)==0)&(nI(i+1,j,k+1)==0)&(nI(i+1,j+1,k+1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template A(e) 
                elseif (nI(i-1,j,k)==1)&(nI(i+1,j-1,k+1)==0)&(nI(i+1,j,k+1)==0)&(nI(i+1,j+1,k+1)==0)&(nI(i+1,j-1,k)==0)&(nI(i+1,j,k)==0)&(nI(i+1,j+1,k)==0)&(nI(i+1,j-1,k-
1)==0)&(nI(i+1,j,k-1)==0)&(nI(i+1,j+1,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template A(f)     
                elseif (nI(i+1,j,k)==1)&(nI(i+2,j,k)==1)&(nI(i-1,j-1,k+1)==0)&(nI(i-1,j,k+1)==0)&(nI(i-1,j+1,k+1)==0)&(nI(i-1,j-1,k)==0)&(nI(i-1,j,k)==0)&(nI(i-1,j+1,k)==0)&(nI(i-1,j-1,k-
1)==0)&(nI(i-1,j,k-1)==0)&(nI(i-1,j+1,k-1)==0) 
                    deletable(i,j,k) = 1; 
                end 
            end 
        end 
    end 
end 
  
% matching with class B 
for i=1:s(1) 
    for j=1:s(2) 
        for k=1:s(3) 
            if (p(i,j,k) ~= 0) 
                % checking template B(a) 
                if (nI(i,j-1,k)==1)&(nI(i+1,j,k)==1)&(nI(i-1,j,k+1)==0)&(nI(i-1,j+1,k+1)==0)&(nI(i,j+1,k+1)==0)&(nI(i-1,j,k)==0)&(nI(i-1,j+1,k)==0)&(nI(i,j+1,k)==0)&(nI(i-1,j,k-
1)==0)&(nI(i-1,j+1,k-1)==0)&(nI(i,j+1,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template B(b) 
                elseif (nI(i,j+1,k)==1)&(nI(i+1,j,k)==1)&(nI(i-1,j-1,k+1)==0)&(nI(i-1,j,k+1)==0)&(nI(i,j-1,k+1)==0)&(nI(i-1,j-1,k)==0)&(nI(i-1,j,k)==0)&(nI(i,j-1,k)==0)&(nI(i-1,j-1,k-
1)==0)&(nI(i-1,j,k-1)==0)&(nI(1,j-1,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template B(c) 
                elseif (nI(i,j,k-1)==1)&(nI(i+1,j,k)==1)&(nI(i-1,j-1,k+1)==0)&(nI(i-1,j,k+1)==0)&(nI(i-1,j+1,k+1)==0)&(nI(i,j-1,k+1)==0)&(nI(i,j,k+1)==0)&(nI(i,j+1,k+1)==0)&(nI(i-1,j-
1,k)==0)&(nI(i-1,j,k)==0)&(nI(i-1,j+1,k)==0) 
                    deletable(i,j,k) = 1; 
                % checking template B(d) 
                elseif (nI(i,j,k+1)==1)&(nI(i+1,j,k)==1)&(nI(i-1,j-1,k)==0)&(nI(i-1,j,k)==0)&(nI(i-1,j+1,k)==0)&(nI(i-1,j-1,k-1)==0)&(nI(i-1,j,k-1)==0)&(nI(i-1,j+1,k-1)==0)&(nI(i,j-1,k-
1)==0)&(nI(i,j,k-1)==0)&(nI(i,j+1,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template B(e) 
                elseif (nI(i-1,j,k)==1)&(nI(i,j+1,k)==1)&(nI(i,j-1,k+1)==0)&(nI(i+1,j-1,k+1)==0)&(nI(i,j-1,k)==0)&(nI(i+1,j-1,k)==0)&(nI(i,j-1,k-1)==0)&(nI(i+1,j-1,k-
1)==0)&(nI(i+1,j,k+1)==0)&(nI(i+1,j,k)==0)&(nI(i+1,j,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template B(f) 
                elseif (nI(i-1,j,k)==1)&(nI(i,j,k+1)==1)&(nI(i+1,j-1,k)==0)&(nI(i+1,j,k)==0)&(nI(i+1,j+1,k)==0)&(nI(i,j-1,k-1)==0)&(nI(i,j,k-1)==0)&(nI(i,j+1,k-1)==0)&(nI(i+1,j-1,k-
1)==0)&(nI(i+1,j,k-1)==0)&(nI(i+1,j+1,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template B(g) 
                elseif (nI(i-1,j,k)==1)&(nI(i,j-1,k)==1)&(nI(i+1,j,k+1)==0)&(nI(i+1,j,k)==0)&(nI(i+1,j,k-
1)==0)&(nI(i,j+1,k+1)==0)&(nI(i+1,j+1,k+1)==0)&(nI(i,j+1,k)==0)&(nI(i+1,j+1,k)==0)&(nI(i,j+1,k-1)==0)&(nI(i+1,j+1,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template B(h) 
                elseif (nI(i-1,j,k)==1)&(nI(i,j,k-1)==1)&(nI(i,j-1,k+1)==0)&(nI(i,j,k+1)==0)&(nI(i,j+1,k+1)==0)&(nI(i+1,j-1,k+1)==0)&(nI(i+1,j,k+1)==0)&(nI(i+1,j+1,k+1)==0)&(nI(i+1,j-
1,k)==0)&(nI(i+1,j,k)==0)&(nI(i+1,j+1,k)==0) 
                    deletable(i,j,k) = 1; 
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                % checking template B(i) 
                elseif (nI(i,j,k+1)==1)&(nI(i,j+1,k)==1)&(nI(i-1,j-1,k)==0)&(nI(i,j-1,k)==0)&(nI(i+1,j-1,k)==0)&(nI(i-1,j-1,k-1)==0)&(nI(i,j-1,k-1)==0)&(nI(i+1,j-1,k-1)==0)&(nI(i-1,j,k-
1)==0)&(nI(i,j,k-1)==0)&(nI(i+1,j,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template B(j) 
                elseif (nI(i,j+1,k)==1)&(nI(i,j,k-1)==1)&(nI(i,j,k-2)==1)&(nI(i-1,j-1,k+1)==0)&(nI(i,j-1,k+1)==0)&(nI(i+1,j-1,k+1)==0)&(nI(i-
1,j,k+1)==0)&(nI(i,j,k+1)==0)&(nI(i+1,j,k+1)==0)&(nI(i-1,j-1,k)==0)&(nI(i,j-1,k)==0)&(nI(i+1,j-1,k)==0) 
                    deletable(i,j,k) = 1; 
                % checking template B(k) 
                elseif (nI(i,j-1,k)==1)&(nI(i,j-2,k)==1)&(nI(i,j,k-1)==1)&(nI(i,j,k-2)==1)&(nI(i-1,j,k+1)==0)&(nI(i,j,k+1)==0)&(nI(i+1,j,k+1)==0)&(nI(i-
1,j+1,k+1)==0)&(nI(i,j+1,k+1)==0)&(nI(i+1,j+1,k+1)==0)&(nI(i-1,j+1,k)==0)&(nI(i,j+1,k)==0)&(nI(i+1,j+1,k)==0) 
                    deletable(i,j,k) = 1; 
                % checking template B(l) 
                elseif (nI(i,j,k+1)==1)&(nI(i,j-1,k)==1)&(nI(i-1,j+1,k)==0)&(nI(i,j+1,k)==0)&(nI(i+1,j+1,k)==0)&(nI(i-1,j+1,k-1)==0)&(nI(i,j+1,k-1)==0)&(nI(i+1,j+1,k-1)==0)&(nI(i-1,j,k-
1)==0)&(nI(i,j,k-1)==0)&(nI(i+1,j,k-1)==0) 
                    deletable(i,j,k) = 1; 
                end 
            end 
        end 
    end 
end 
  
% matching with class C 
for i=1:s(1) 
    for j=1:s(2) 
        for k=1:s(3) 
            if (p(i,j,k) ~= 0) 
                % checking template C(a) 
                if (nI(i,j-1,k)==1)&(nI(i+1,j,k)==1)&(nI(i,j,k-1)==1)&(nI(i-1,j,k+1)==0)&(nI(i-1,j+1,k+1)==0)&(nI(i,j,k+1)==0)&(nI(i,j+1,k+1)==0)&(nI(i-1,j,k)==0)&(nI(i-
1,j+1,k)==0)&(nI(i,j+1,k)==0) 
                    deletable(i,j,k) = 1; 
                % checking template C(b) 
                elseif (nI(i,j,k+1)==1)&(nI(i,j-1,k)==1)&(nI(i+1,j,k)==1)&(nI(i-1,j,k)==0)&(nI(i-1,j+1,k)==0)&(nI(i,j+1,k)==0)&(nI(i-1,j,k-1)==0)&(nI(i-1,j+1,k-1)==0)&(nI(i,j,k-
1)==0)&(nI(i,j+1,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template C(c) 
                elseif (nI(i,j,k+1)==1)&(nI(i,j+1,k)==1)&(nI(i+1,j,k)==1)&(nI(i-1,j-1,k)==0)&(nI(i-1,j,k)==0)&(nI(i,j-1,k)==0)&(nI(i-1,j-1,k-1)==0)&(nI(i-1,j,k-1)==0)&(nI(i,j-1,k-
1)==0)&(nI(i,j,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template C(d) 
                elseif (nI(i,j+1,k)==1)&(nI(i+1,j,k)==1)&(nI(i,j,k-1)==1)&(nI(i-1,j-1,k+1)==0)&(nI(i-1,j,k+1)==0)&(nI(i,j-1,k+1)==0)&(nI(i,j,k+1)==0)&(nI(i-1,j-1,k)==0)&(nI(i-
1,j,k)==0)&(nI(i,j-1,k)==0) 
                    deletable(i,j,k) = 1; 
                % checking template C(e) 
                elseif (nI(i-1,j,k)==1)&(nI(i,j,k-1)==1)&(nI(i,j-1,k)==1)&(nI(i,j-
2,k)==1)&(nI(i,j,k+1)==0)&(nI(i,j+1,k+1)==0)&(nI(i+1,j,k+1)==0)&(nI(i+1,j+1,k+1)==0)&(nI(i,j+1,k)==0)&(nI(i+1,j+1,k)==0)&(nI(i+1,j,k)==0) 
                    deletable(i,j,k) = 1; 
                % checking template C(f) 
                elseif (nI(i,j,k+1)==1)&(nI(i-1,j,k)==1)&(nI(i,j-1,k)==1)&(nI(i,j-2,k)==1)&(nI(i,j+1,k)==0)&(nI(i+1,j+1,k)==0)&(nI(i+1,j,k)==0)&(nI(i,j,k-1)==0)&(nI(i,j+1,k-
1)==0)&(nI(i+1,j,k-1)==0)&(nI(i+1,j+1,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template C(g) 
                elseif (nI(i-1,j,k)==1)&(nI(i,j+1,k)==1)&(nI(i,j,k+1)==1)&(nI(i,j-1,k)==0)&(nI(i+1,j-1,k)==0)&(nI(i+1,j,k)==0)&(nI(i,j-1,k-1)==0)&(nI(i,j,k-1)==0)&(nI(i+1,j-1,k-
1)==0)&(nI(i+1,j,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template C(h) 
                elseif (nI(i-1,j,k)==1)&(nI(i,j+1,k)==1)&(nI(i,j,k-1)==1)&(nI(i,j-1,k+1)==0)&(nI(i,j,k+1)==0)&(nI(i+1,j-1,k+1)==0)&(nI(i+1,j,k+1)==0)&(nI(i,j-1,k)==0)&(nI(i+1,j-
1,k)==0)&(nI(i+1,j,k)==0) 
                    deletable(i,j,k) = 1; 
                % checking template C(i) 
                elseif (nI(i-1,j,k)==1)&(nI(i,j-1,k)==1)&(nI(i,j,k-
1)==1)&(nI(i,j,k+1)==0)&(nI(i,j+1,k+1)==0)&(nI(i+1,j,k+1)==0)&(nI(i+1,j+1,k+1)==0)&(nI(i,j+1,k)==0)&(nI(i+1,j+1,k)==0)&(nI(i+1,j,k)==0) 
                    deletable(i,j,k) = 1; 
                end 
            end 
        end 
    end 
end 
  
% matching with class D 
for i=1:s(1) 
    for j=1:s(2) 
        for k=1:s(3) 
            if (p(i,j,k) ~= 0) 
                % checking template D(a) 
                if (nI(i+1,j-1,k)==1)&(nI(i,j-1,k)==0)&(nI(i-1,j-1,k)==0)&(nI(i-1,j,k)==0)&(nI(i-1,j+1,k)==0)&(nI(i,j+1,k)==0)&(nI(i+1,j+1,k)==0)&(nI(i+1,j,k)==0) 
                    deletable(i,j,k) = 1; 
                % checking template D(b) 
                elseif (nI(i-1,j-1,k)==1)&(nI(i-1,j,k)==0)&(nI(i-1,j+1,k)==0)&(nI(i,j+1,k)==0)&(nI(i+1,j+1,k)==0)&(nI(i+1,j,k)==0)&(nI(i+1,j-1,k)==0)&(nI(i,j-1,k)==0) 
                    deletable(i,j,k) = 1; 
                % checking template D(c) 
                elseif (nI(i-1,j+1,k)==1)&(nI(i,j+1,k)==0)&(nI(i+1,j+1,k)==0)&(nI(i+1,j,k)==0)&(nI(i+1,j-1,k)==0)&(nI(i,j-1,k)==0)&(nI(i-1,j-1,k)==0)&(nI(i-1,j,k)==0) 
                    deletable(i,j,k) = 1; 
                % checking template D(d) 
                elseif (nI(i+1,j+1,k)==1)&(nI(i+1,j,k)==0)&(nI(i+1,j-1,k)==0)&(nI(i,j-1,k)==0)&(nI(i-1,j-1,k)==0)&(nI(i-1,j,k)==0)&(nI(i-1,j+1,k)==0)&(nI(i,j+1,k)==0) 
                    deletable(i,j,k) = 1; 
                % checking template D(e) 
                elseif (nI(i-1,j,k+1)==1)&(nI(i,j,k+1)==0)&(nI(i+1,j,k+1)==0)&(nI(i-1,j,k)==0)&(nI(i+1,j,k)==0)&(nI(i-1,j,k-1)==0)&(nI(i,j,k-1)==0)&(nI(i+1,j,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template D(f) 
                elseif (nI(i+1,j,k+1)==1)&(nI(i-1,j,k+1)==0)&(nI(i,j,k+1)==0)&(nI(i-1,j,k)==0)&(nI(i+1,j,k)==0)&(nI(i-1,j,k-1)==0)&(nI(i,j,k-1)==0)&(nI(i+1,j,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template D(g) 
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                elseif (nI(i+1,j,k-1)==1)&(nI(i,j,k-1)==0)&(nI(i-1,j,k-1)==0)&(nI(i-1,j,k)==0)&(nI(i+1,j,k)==0)&(nI(i-1,j,k+1)==0)&(nI(i,j,k+1)==0)&(nI(i+1,j,k+1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template D(h) 
                elseif (nI(i-1,j,k-1)==1)&(nI(i,j,k-1)==0)&(nI(i+1,j,k-1)==0)&(nI(i-1,j,k)==0)&(nI(i+1,j,k)==0)&(nI(i-1,j,k+1)==0)&(nI(i,j,k+1)==0)&(nI(i+1,j,k+1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template D(i) 
                elseif (nI(i-1,j,k)==1)&(nI(i+1,j,k)==1)&(nI(i,j+1,k+1)==1)&(nI(i,j-1,k+1)==0)&(nI(i,j,k+1)==0)&(nI(i,j-1,k)==0)&(nI(i,j+1,k)==0)&(nI(i,j-1,k-1)==0)&(nI(i,j,k-
1)==0)&(nI(i,j+1,k-1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template D(j) 
                elseif (nI(i,j+1,k-1)==1)&(nI(i,j-1,k-1)==0)&(nI(i,j,k-1)==0)&(nI(i,j-1,k)==0)&(nI(i,j+1,k)==0)&(nI(i,j-1,k+1)==0)&(nI(i,j,k+1)==0)&(nI(i,j+1,k+1)==0) 
                    deletable(i,j,k) = 1; 
                % checking template D(k) 
                elseif (nI(i,j-1,k-1)==1)&(nI(i,j,k-1)==0)&(nI(i,j+1,k-1)==0)&(nI(i,j-1,k)==0)&(nI(i,j+1,k)==0)&(nI(i,j-1,k+1)==0)&(nI(i,j,k+1)==0)&(nI(i,j+1,k+1)==0) 
                    n = nI(i,j-2,k) + nI(i,j-2,k-1)+ nI(i,j-2,k-2)+ nI(i,j-1,k-2)+ nI(i,j,k-2); 
                    if (n >= 1) 
                        deletable(i,j,k) = 1; 
                    end 
                % checking template D(l) 
                elseif (nI(i,j-1,k+1)==1)&(nI(i,j,k+1)==0)&(nI(i,j+1,k+1)==0)&(nI(i,j+1,k)==0)&(nI(i,j-1,k)==0)&(nI(i,j-1,k-1)==0)&(nI(i,j,k-1)==0)&(nI(i,j+1,k-1)==0) 
                    deletable(i,j,k) = 1; 
                end 
            end 
        end 
    end 
end 
  
% remove only those object surface voxels which are non-tail and deletable points 
nI = nI - deletable; % and keep removing them in each iteration until there is no deletable point available 
counter = counter + 1 % a counter to see the iteration progress real-time in command line 
end 
 

(h) Ridge based skeletonization: 
function [sk_3D]= Ridge_skeleton_3d_7(Image) 
  
%load 3D image of pore-space and output the medial axis skeleton by ridge finding method 
  
I = ~Image; 
[d1 d2 d3] = size(I); 
Image = zeros((d1+6),(d2+6),(d3+6)); 
Image(4:(d1+3),4:(d2+3),4:(d3+3))= I; 
[s1 s2 s3] = size(Image); 
%Skeletonization and intersection finding in "Top-Bottom" direction 
  
D1_sk = zeros(s1, s2, s3); 
for k=1:s3 
    page = Image(:,:,k); 
    page = reshape(page, s1,s2); 
    sk = bwmorph(page,'skel',Inf); 
    sk = double(sk); 
    %checking for intersection points 
    intersect = zeros(s1,s2); 
    for i=2:(s1-1) 
        for j=2:(s2-1) 
            if (sk(i,j)==1) 
                % 1st type of possible intersection 
                if (sk(i-1,j)==1)&(sk(i,j-1)==1)&(sk(i,j+1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 2nd type of possible intersection      
                elseif (sk(i-1,j)==1)&(sk(i,j+1)==1)&(sk(i+1,j)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 3rd type of possible intersection     
                elseif (sk(i,j-1)==1)&(sk(i,j+1)==1)&(sk(i+1,j)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j)==0)&(sk(i-1,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 4th type of possible intersection 
                elseif (sk(i-1,j)==1)&(sk(i,j-1)==1)&(sk(i+1,j)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 5th type of possible intersection 
                elseif (sk(i-1,j)==1)&(sk(i,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 6th type of possible intersection 
                elseif (sk(i-1,j)==1)&(sk(i,j+1)==1)&(sk(i+1,j-1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i+1,j)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 7th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i,j+1)==1)&(sk(i+1,j)==1)&(sk(i-1,j)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 8th type of possible intersection 
                elseif (sk(i-1,j+1)==1)&(sk(i,j-1)==1)&(sk(i+1,j)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 9th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i-1,j+1)==1)&(sk(i+1,j)==1)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 10th type of possible intersection 
                elseif (sk(i-1,j+1)==1)&(sk(i,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 11th type of possible intersection 
                elseif (sk(i-1,j)==1)&(sk(i+1,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 12th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i,j+1)==1)&(sk(i+1,j-1)==1)&(sk(i-1,j)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i+1,j)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 13th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i+1,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0) 
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                    intersect(i,j) = 1; 
                % 14th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i-1,j+1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 15th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i-1,j+1)==1)&(sk(i+1,j-1)==1)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 16th type of possible intersection 
                elseif (sk(i-1,j+1)==1)&(sk(i+1,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 17th type of possible intersection 
                elseif (sk(i-1,j)==1)&(sk(i,j-1)==1)&(sk(i,j+1)==1)&(sk(i+1,j)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 18th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i-1,j+1)==1)&(sk(i+1,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 19th type of possible intersection 
                elseif (sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                end 
            end 
        end 
    end 
    D1_sk(:,:,k) = intersect; 
end 
% repairing discontinuities in direction perpendicular to the slices 
% temp = zeros(s1, s2, s3); 
% for i=2:(s1-1) 
%     for j=2:(s2-1) 
%         for k=2:(s3-1) 
%             if (D1_sk(i,j,k)==0) 
%                 if (D1_sk(i,j,k-1)==1)&(D1_sk(i,j,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D1_sk(i-1,j-1,k-1)==1)&(D1_sk(i+1,j+1,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D1_sk(i-1,j,k-1)==1)&(D1_sk(i+1,j,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D1_sk(i-1,j+1,k-1)==1)&(D1_sk(i+1,j-1,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D1_sk(i,j+1,k-1)==1)&(D1_sk(i,j-1,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D1_sk(i+1,j+1,k-1)==1)&(D1_sk(i-1,j-1,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D1_sk(i+1,j,k-1)==1)&(D1_sk(i-1,j,k-1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D1_sk(i+1,j-1,k-1)==1)&(D1_sk(i-1,j+1,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D1_sk(i,j-1,k-1)==1)&(D1_sk(i,j+1,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%             end 
%         end 
%     end 
% end 
% D1_sk = D1_sk + temp; 
  
  
TB = 1 
  
%Skeletonization and intersection finding in "Front-Back" direction 
D2_sk = zeros(s1, s2, s3); 
for k=1:s1 
    page = Image(k,:,:); 
    page = reshape(page,s2,s3); 
    sk = bwmorph(page,'skel',Inf); 
    sk = double(sk); 
    %checking for intersection points 
    intersect = zeros(s2,s3); 
    for i=2:(s2-1) 
        for j=2:(s3-1) 
            if (sk(i,j)==1) 
                % 1st type of possible intersection 
                if (sk(i-1,j)==1)&(sk(i,j-1)==1)&(sk(i,j+1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 2nd type of possible intersection      
                elseif (sk(i-1,j)==1)&(sk(i,j+1)==1)&(sk(i+1,j)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 3rd type of possible intersection     
                elseif (sk(i,j-1)==1)&(sk(i,j+1)==1)&(sk(i+1,j)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j)==0)&(sk(i-1,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 4th type of possible intersection 
                elseif (sk(i-1,j)==1)&(sk(i,j-1)==1)&(sk(i+1,j)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 5th type of possible intersection 
                elseif (sk(i-1,j)==1)&(sk(i,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j)==0) 
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                    intersect(i,j) = 1; 
                % 6th type of possible intersection 
                elseif (sk(i-1,j)==1)&(sk(i,j+1)==1)&(sk(i+1,j-1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i+1,j)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 7th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i,j+1)==1)&(sk(i+1,j)==1)&(sk(i-1,j)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 8th type of possible intersection 
                elseif (sk(i-1,j+1)==1)&(sk(i,j-1)==1)&(sk(i+1,j)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 9th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i-1,j+1)==1)&(sk(i+1,j)==1)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 10th type of possible intersection 
                elseif (sk(i-1,j+1)==1)&(sk(i,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 11th type of possible intersection 
                elseif (sk(i-1,j)==1)&(sk(i+1,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 12th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i,j+1)==1)&(sk(i+1,j-1)==1)&(sk(i-1,j)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i+1,j)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 13th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i+1,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 14th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i-1,j+1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 15th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i-1,j+1)==1)&(sk(i+1,j-1)==1)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 16th type of possible intersection 
                elseif (sk(i-1,j+1)==1)&(sk(i+1,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 17th type of possible intersection 
                elseif (sk(i-1,j)==1)&(sk(i,j-1)==1)&(sk(i,j+1)==1)&(sk(i+1,j)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 18th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i-1,j+1)==1)&(sk(i+1,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 19th type of possible intersection 
                elseif (sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                end 
            end 
        end 
    end 
    D2_sk(k,:,:) = intersect; 
end 
  
% repairing discontinuities in direction perpendicular to the slices 
% temp = zeros(s1, s2, s3); 
% for i=2:(s1-1) 
%     for j=2:(s2-1) 
%         for k=2:(s3-1) 
%             if (D2_sk(i,j,k)==0) 
%                 if (D2_sk(i-1,j-1,k-1)==1)&(D2_sk(i+1,j+1,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D2_sk(i-1,j,k-1)==1)&(D2_sk(i+1,j,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D2_sk(i-1,j+1,k-1)==1)&(D2_sk(i+1,j-1,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D2_sk(i,j-1,k-1)==1)&(D2_sk(i,j+1,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D2_sk(i,j,k-1)==1)&(D2_sk(i,j,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D2_sk(i,j+1,k-1)==1)&(D2_sk(i,j-1,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D2_sk(i+1,j-1,k-1)==1)&(D2_sk(i-1,j+1,k-1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D2_sk(i+1,j,k-1)==1)&(D2_sk(i-1,j,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D2_sk(i+1,j+1,k-1)==1)&(D2_sk(i-1,j-1,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%             end 
%         end 
%     end 
% end 
% D2_sk = D2_sk + temp; 
  
FB=1 
  
%Skeletonization and intersection finding in "Left-Right" direction 
D3_sk = zeros(s1, s2, s3); 
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for k=1:s2 
    page = Image(:,k,:); 
    page = reshape(page,s1,s3); 
    sk = bwmorph(page,'skel',Inf); 
    sk = double(sk); 
    %checking for intersection points 
    intersect = zeros(s1,s3); 
    for i=2:(s1-1) 
        for j=2:(s3-1) 
            if (sk(i,j)==1) 
                % 1st type of possible intersection 
                if (sk(i-1,j)==1)&(sk(i,j-1)==1)&(sk(i,j+1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 2nd type of possible intersection      
                elseif (sk(i-1,j)==1)&(sk(i,j+1)==1)&(sk(i+1,j)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 3rd type of possible intersection     
                elseif (sk(i,j-1)==1)&(sk(i,j+1)==1)&(sk(i+1,j)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j)==0)&(sk(i-1,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 4th type of possible intersection 
                elseif (sk(i-1,j)==1)&(sk(i,j-1)==1)&(sk(i+1,j)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 5th type of possible intersection 
                elseif (sk(i-1,j)==1)&(sk(i,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 6th type of possible intersection 
                elseif (sk(i-1,j)==1)&(sk(i,j+1)==1)&(sk(i+1,j-1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i+1,j)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 7th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i,j+1)==1)&(sk(i+1,j)==1)&(sk(i-1,j)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 8th type of possible intersection 
                elseif (sk(i-1,j+1)==1)&(sk(i,j-1)==1)&(sk(i+1,j)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 9th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i-1,j+1)==1)&(sk(i+1,j)==1)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 10th type of possible intersection 
                elseif (sk(i-1,j+1)==1)&(sk(i,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 11th type of possible intersection 
                elseif (sk(i-1,j)==1)&(sk(i+1,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 12th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i,j+1)==1)&(sk(i+1,j-1)==1)&(sk(i-1,j)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i+1,j)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 13th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i+1,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j)==0)&(sk(i-1,j+1)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 14th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i-1,j+1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 15th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i-1,j+1)==1)&(sk(i+1,j-1)==1)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 16th type of possible intersection 
                elseif (sk(i-1,j+1)==1)&(sk(i+1,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 17th type of possible intersection 
                elseif (sk(i-1,j)==1)&(sk(i,j-1)==1)&(sk(i,j+1)==1)&(sk(i+1,j)==1)&(sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0) 
                    intersect(i,j) = 1; 
                % 18th type of possible intersection 
                elseif (sk(i-1,j-1)==1)&(sk(i-1,j+1)==1)&(sk(i+1,j-1)==1)&(sk(i+1,j+1)==1)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                % 19th type of possible intersection 
                elseif (sk(i-1,j-1)==0)&(sk(i-1,j+1)==0)&(sk(i+1,j-1)==0)&(sk(i+1,j+1)==0)&(sk(i-1,j)==0)&(sk(i,j-1)==0)&(sk(i,j+1)==0)&(sk(i+1,j)==0) 
                    intersect(i,j) = 1; 
                end 
            end 
        end 
    end 
    D3_sk(:,k,:) = intersect; 
end 
  
% repairing discontinuities in direction perpendicular to the slices 
% temp = zeros(s1, s2, s3); 
% for i=2:(s1-1) 
%     for j=2:(s2-1) 
%         for k=2:(s3-1) 
%             if (D3_sk(i,j,k)==0) 
%                 if (D3_sk(i-1,j+1,k-1)==1)&(D3_sk(i+1,j-1,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D3_sk(i,j+1,k-1)==1)&(D3_sk(i,j-1,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D3_sk(i+1,j+1,k-1)==1)&(D3_sk(i-1,j-1,k+1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D3_sk(i-1,j+1,k)==1)&(D3_sk(i+1,j-1,k)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D3_sk(i,j+1,k)==1)&(D3_sk(i,j-1,k)==1) 
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%                     temp(i,j,k)=1; 
%                 end 
%                 if (D3_sk(i+1,j+1,k)==1)&(D3_sk(i-1,j-1,k)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D3_sk(i-1,j+1,k+1)==1)&(D3_sk(i+1,j-1,k-1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D3_sk(i,j+1,k+1)==1)&(D3_sk(i,j-1,k-1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%                 if (D3_sk(i+1,j+1,k+1)==1)&(D3_sk(i-1,j-1,k-1)==1) 
%                     temp(i,j,k)=1; 
%                 end 
%             end 
%         end 
%     end 
% end 
% D3_sk = D3_sk + temp; 
  
LR=1 
  
  
%combining the ridges obtained by scanning in 3 different directions 
sk_3D = zeros(s1, s2, s3); 
for i=1:s1 
    for j=1:s2 
        for k=1:s3 
            A = D1_sk(i,j,k) + D2_sk(i,j,k) + D3_sk(i,j,k); 
            if (A>0) 
                sk_3D(i,j,k) = 1; 
            end 
        end 
    end 
end 
%sk_3D_part = sk_3D(11:90,11:90,11:90); 
ADD = 1 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% repairing discontinuities in direction perpendicular to the slices 
temp1 = zeros(s1, s2, s3); 
for i=2:(s1-1) 
    for j=2:(s2-1) 
        for k=2:(s3-1) 
            if (sk_3D(i,j,k)==0) 
                if (sk_3D(i,j,k-1)==1)&(D1_sk(i,j,k+1)==1) 
                    temp1(i,j,k)=1; 
                end 
                if (sk_3D(i-1,j-1,k-1)==1)&(D1_sk(i+1,j+1,k+1)==1) 
                    temp1(i,j,k)=1; 
                end 
                if (sk_3D(i-1,j,k-1)==1)&(D1_sk(i+1,j,k+1)==1) 
                    temp1(i,j,k)=1; 
                end 
                if (sk_3D(i-1,j+1,k-1)==1)&(D1_sk(i+1,j-1,k+1)==1) 
                    temp1(i,j,k)=1; 
                end 
                if (sk_3D(i,j+1,k-1)==1)&(D1_sk(i,j-1,k+1)==1) 
                    temp1(i,j,k)=1; 
                end 
                if (sk_3D(i+1,j+1,k-1)==1)&(D1_sk(i-1,j-1,k+1)==1) 
                    temp1(i,j,k)=1; 
                end 
                if (sk_3D(i+1,j,k-1)==1)&(D1_sk(i-1,j,k-1)==1) 
                    temp1(i,j,k)=1; 
                end 
                if (sk_3D(i+1,j-1,k-1)==1)&(D1_sk(i-1,j+1,k+1)==1) 
                    temp1(i,j,k)=1; 
                end 
                if (sk_3D(i,j-1,k-1)==1)&(D1_sk(i,j+1,k+1)==1) 
                    temp1(i,j,k)=1; 
                end 
            end 
        end 
    end 
end 
sk_3D = sk_3D + temp1; 
% repairing discontinuities in direction perpendicular to the slices 
temp2 = zeros(s1, s2, s3); 
for i=2:(s1-1) 
    for j=2:(s2-1) 
        for k=2:(s3-1) 
            if (sk_3D(i,j,k)==0) 
                if (sk_3D(i-1,j-1,k-1)==1)&(D2_sk(i+1,j+1,k+1)==1) 
                    temp2(i,j,k)=1; 
                end 
                if (sk_3D(i-1,j,k-1)==1)&(D2_sk(i+1,j,k+1)==1) 
                    temp2(i,j,k)=1; 
                end 
                if (sk_3D(i-1,j+1,k-1)==1)&(D2_sk(i+1,j-1,k+1)==1) 
                    temp2(i,j,k)=1; 
                end 
                if (sk_3D(i,j-1,k-1)==1)&(D2_sk(i,j+1,k+1)==1) 
                    temp2(i,j,k)=1; 
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                end 
                if (sk_3D(i,j,k-1)==1)&(D2_sk(i,j,k+1)==1) 
                    temp2(i,j,k)=1; 
                end 
                if (sk_3D(i,j+1,k-1)==1)&(D2_sk(i,j-1,k+1)==1) 
                    temp2(i,j,k)=1; 
                end 
                if (sk_3D(i+1,j-1,k-1)==1)&(D2_sk(i-1,j+1,k-1)==1) 
                    temp2(i,j,k)=1; 
                end 
                if (sk_3D(i+1,j,k-1)==1)&(D2_sk(i-1,j,k+1)==1) 
                    temp2(i,j,k)=1; 
                end 
                if (sk_3D(i+1,j+1,k-1)==1)&(D2_sk(i-1,j-1,k+1)==1) 
                    temp2(i,j,k)=1; 
                end 
            end 
        end 
    end 
end 
sk_3D = sk_3D + temp2; 
% repairing discontinuities in direction perpendicular to the slices 
temp3 = zeros(s1, s2, s3); 
for i=2:(s1-1) 
    for j=2:(s2-1) 
        for k=2:(s3-1) 
            if (sk_3D(i,j,k)==0) 
                if (D3_sk(i-1,j+1,k-1)==1)&(D3_sk(i+1,j-1,k+1)==1) 
                    temp3(i,j,k)=1; 
                end 
                if (sk_3D(i,j+1,k-1)==1)&(D3_sk(i,j-1,k+1)==1) 
                    temp3(i,j,k)=1; 
                end 
                if (sk_3D(i+1,j+1,k-1)==1)&(D3_sk(i-1,j-1,k+1)==1) 
                    temp3(i,j,k)=1; 
                end 
                if (sk_3D(i-1,j+1,k)==1)&(D3_sk(i+1,j-1,k)==1) 
                    temp3(i,j,k)=1; 
                end 
                if (sk_3D(i,j+1,k)==1)&(D3_sk(i,j-1,k)==1) 
                    temp3(i,j,k)=1; 
                end 
                if (sk_3D(i+1,j+1,k)==1)&(D3_sk(i-1,j-1,k)==1) 
                    temp3(i,j,k)=1; 
                end 
                if (sk_3D(i-1,j+1,k+1)==1)&(D3_sk(i+1,j-1,k-1)==1) 
                    temp3(i,j,k)=1; 
                end 
                if (sk_3D(i,j+1,k+1)==1)&(D3_sk(i,j-1,k-1)==1) 
                    temp3(i,j,k)=1; 
                end 
                if (sk_3D(i+1,j+1,k+1)==1)&(D3_sk(i-1,j-1,k-1)==1) 
                    temp3(i,j,k)=1; 
                end 
            end 
        end 
    end 
end 
sk_3D = sk_3D + temp3; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% cleaning up isolated voxels 
isolated = zeros(s1, s2, s3); 
for i=2:(s1-1) 
    for j=2:(s2-1) 
        for k=2:(s3-1) 
            if (sk_3D(i,j,k)==1) 
                counter = sk_3D(i-1,j-1,k+1)+ sk_3D(i-1,j,k+1)+ sk_3D(i-1,j+1,k+1)+ ... 
                    sk_3D(i,j-1,k+1)+ sk_3D(i,j,k+1)+ sk_3D(i,j+1,k+1)+ ... 
                    sk_3D(i+1,j-1,k+1)+ sk_3D(i+1,j,k+1)+ sk_3D(i+1,j+1,k+1)+ ... 
                    sk_3D(i-1,j-1,k)+ sk_3D(i-1,j,k)+ sk_3D(i-1,j+1,k)+ ... 
                    sk_3D(i,j-1,k)+ sk_3D(i,j+1,k)+ ... 
                    sk_3D(i+1,j-1,k)+ sk_3D(i+1,j,k)+ sk_3D(i+1,j+1,k)+ ... 
                    sk_3D(i-1,j-1,k-1)+ sk_3D(i-1,j,k-1)+ sk_3D(i-1,j+1,k-1)+ ... 
                    sk_3D(i,j-1,k-1)+ sk_3D(i,j,k-1)+ sk_3D(i,j+1,k-1)+ ... 
                    sk_3D(i+1,j-1,k-1)+ sk_3D(i+1,j,k-1)+ sk_3D(i+1,j+1,k-1); 
                if (counter == 0) 
                    isolated(i,j,k) = 1; 
                end 
            end 
        end 
    end 
end 
sk_3D = sk_3D - isolated; 
% part = sk_3D(21:80,21:80,21:80);                
                     
CL = 1 
  
% finding the nodes in the skeleton which are accessible-pore centers 
% node = zeros(100,100,150); 
% for i=2:99 
%     for j=2:99 
%         for k=2:149 
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%             if (sk_3D(i,j,k)==1) 
%                 counter = sk_3D(i-1,j-1,k+1)+ sk_3D(i-1,j,k+1)+ sk_3D(i-1,j+1,k+1)+ sk_3D(i,j-1,k+1)+ ... 
%                             sk_3D(i,j,k+1)+ sk_3D(i+1,j-1,k+1)+ sk_3D(i+1,j,k+1)+ sk_3D(i+1,j+1,k+1)+... 
%                             sk_3D(i-1,j-1,k)+ sk_3D(i-1,j,k)+ sk_3D(i-1,j+1,k)+ sk_3D(i+1,j-1,k)+ ... 
%                             sk_3D(i-1,j-1,k-1)+ sk_3D(i,j-1,k)+ sk_3D(i-1,j,k-1)+ sk_3D(i-1,j+1,k-1)+ ... 
%                             sk_3D(i+1,j,k)+ sk_3D(i,j-1,k-1)+ sk_3D(i+1,j+1,k)+ sk_3D(i,j,k-1)+ ... 
%                             sk_3D(i+1,j-1,k-1)+ sk_3D(i+1,j,k-1)+ sk_3D(i+1,j+1,k-1); 
%                 if (counter >= 3) 
%                     node(i,j,k) = 1; 
%                 end 
%             end 
%         end 
%     end 
% end 
% ND = sum(node(:)) 
% sk_node = sk_3D + node; 
%sk_node = sk_node(21:80,21:80,21:80); 
  
  
% converting mat file into VolView readable .vox format 
%filename = 'sk_3D.vox'; 
%sk_3D = permute(sk_3D,[2,3,1]); 
%sk_3D = flipdim(sk_3D,3); 
%sk_3D = flipdim(sk_3D,1); 
%fid = fopen(filename,'wb'); 
%fwrite(fid,sk_3D,'double'); 
%fclose(fid); 
  
  
%filename = 'sk_3D_part.vox'; 
%sk_3D_part = permute(sk_3D_part,[2,3,1]); 
%sk_3D_part = flipdim(sk_3D_part,3); 
%sk_3D_part = flipdim(sk_3D_part,1); 
%fid = fopen(filename,'wb'); 
%fwrite(fid,sk_3D_part,'double'); 
%fclose(fid); 
  
%filename = 'c_sk_3D.vox'; 
%c_sk_3D = permute(c_sk_3D,[2,3,1]); 
%c_sk_3D = flipdim(c_sk_3D,3); 
%c_sk_3D = flipdim(c_sk_3D,1); 
%fid = fopen(filename,'wb'); 
%fwrite(fid,c_sk_3D,'double'); 
%fclose(fid); 
  
%filename = 'cl_c_sk_3D.vox'; 
%cl_c_sk_3D = permute(cl_c_sk_3D,[2,3,1]); 
%cl_c_sk_3D = flipdim(cl_c_sk_3D,3); 
%cl_c_sk_3D = flipdim(cl_c_sk_3D,1); 
%fid = fopen(filename,'wb'); 
%fwrite(fid,cl_c_sk_3D,'double'); 
%fclose(fid); 
  
%filename = 'sk_node.vox'; 
%sk_node = permute(sk_node,[2,3,1]); 
%sk_node = flipdim(sk_node,3); 
%sk_node = flipdim(sk_node,1); 
%fid = fopen(filename,'wb'); 
%fwrite(fid,sk_node,'double'); 
%fclose(fid); 
  
% VV=1 
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