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PSRECON3D consists of 3D porous structure reconstruction and morphological
analysis tools written in MATLAB.
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1. Introduction

1.1 What is PSRECON3D?
PSRECON3D is a tool for 3D tomographic reconstruction from gray scale image
stacks and morphological analysis of two phase materials. This is designed with a
user-friendly  GUI  and  several  MATLB  scripts  developed  by  the  author,  which
sometimes  make  use  of  a  few  helper  functions  from  matlab  file  exchange
(MFEX).

1.2 Requirements
1. MATLAB 2010 or higher.

2. MATLAB image processing toolbox

3. iso2mesh toolbox (freely downloadable from 
http://iso2mesh.sourceforge.net/)

4. Compiled binary of CGAL Loopsubdivision code (add how-to for Ubuntu)

1.3 Installation

1.3.1 Linux
1. Copy the folder (and its subfolders) into $(MATLABROOT)/toolbox/ 

directory or into $(HOME)/Documents/MATLAB.

2.  Add this folder to the MATLAB path. Restart MATLAB.

3. Run in terminal 

ln s $

(HOME)/Documents/MATLAB/npgtoolbox/bin/extractImageMetri

cs.sh $(HOME)/bin/ 

1.3.2 Windows
Not  tested  so  far,  but  in  principle  should  work  normally  when  standard
installation  procedure  for  typical  toolboxes  is  followed.  There  were  a  few
binaries  that  are  particular  to  Linux  that  have  been  used,  for  example  the
loopsubdivision  and  the  shell  script  extractImageMetrics.sh with  native

linux commands to extract image metadata about resolution of FIB-saved images
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from FEI's Nano Lab 600 FIB/SEM machine.

1.4 Credits
…………...
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2. PSRECON3D
The graphical user interface consists of a menu bar, a context-dependent figure
navigation  bar,  and  three  panels  (Figure  2.1).  On  the  left  side  are  the  input
parameters  and  information panels.  The input  parameters  panel  may also  be
used some times to display some results as well. The right big panel is used to
plot the images and reconstructions.

Various  processing/analysis  steps  are called “modules”  which  can be selected
from the menus. Default input parameters displayed when a module is selected .
These can be modified in any order and then are fed to the program by pressing
“Accept Inputs” button. Once this button is pressed then the module starts its
execution,  which  is  often  followed  by  a  display  of  images  in  the right  panel.
Follow the on-screen prompts to proceed. Tool-tips have been provided at many
places; watch for them for more information.

During the execution of any module, user can cancel the procedure by pressing
the “Stop” button, and go back to a fresh window state to chose a new module.

The “File” menu (Figure 2.2) offers the following options.

1. The “Open figure” menu item allows one to open figures saved in MATLAB
*.fig format in separate windows. 

2. “Preferences”  allows  to  modify  the  program  default  values  of  certain
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Figure 2.1: Graphical user interface of PSRECON3D. The main window showing the menu bar and the
three main panels.
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parameters used in various modules.

3. “Quit” to close PSRECON3D.

2.1 Tomographic reconstruction

The “Image stack processing” menu (Figure 2.3) consists of three modules.

2.1.1 Image registration
Image registration to  align image stack to  correct  for  translational  drift.  This
module  calculates  the  translational  drift  by  cross-correlation  between  two
successive images in a stack by selecting a reference subimage and search area.
The on-screen dialogues guide the user through each step in every module. The
image  registration  module  requires  MATLAB's  image processing  toolbox.  The
corrected images are saved in a subdirectory named “correctedImages” created
under the current working directory.

The image registration ensures that all the images are aligned with the reference
feature in the first image. At the end the whole stack is trimmed along the edges
of the first image. An option to pad extra frame of black pixels is also provided so
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Figure 2.2: File menu

Figure 2.3: Image stack processing operations
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that one would not lose image information in case the drift is large.

2.1.2 Extraction of individual slice thickness
The  second  module  (Extract  slice  thickness)  is  custom  designed  to  extract
individual slice thickness from the image stack obtained from the wedge-based
VOI as discussed in section Error: Reference source not found. This module reads
a stack of the images in *.tif format. The images must be named with numbers,

sequentially in steps of 1. It expects the images to be present in a subdirectory
named “correctedImages” inside the current working directory. Note that if

the image stack is preciously processed for drift correction, this directory will be
created by the “Image registration module”.

The FEI NanoLab 600 FIB/SEM system also appends some metadata into the *.tif
images, which also includes pixel dimensions.  This module uses the shell script
extractImageMetrics.sh written  for  Linux  environment  which  reads  this

information  from  the  tif  image.  This  image  must  be  present  in  the  current
working directory  and  should  be  named  “Org.tif”.  Note  that  the  corrected

images  created  by  the  image  registration  module  will  lose  the  metadata
information from the original images, and therefore it is necessary to copy one
original  image  as  “Org.tif”.  The  shell  script  in  turn  creates  a  file
“SEM_image_metrics.txt” with the following format:

Line # Data (example) Description (not to be included in the file)

1 4.85677e-009 X-pixel dimension in meters

2 4.85677e-009 Y-pixel dimension in meters

3 2048 X-resolution (no. of pixels)

4 1768 Y-resolution (no. of pixels)

5 9.94667e-006 Horizontal Field Width in meters

6 8.58677e-006 Vertical Field Height in meters

Input  parameter  dialog  for  this  module  is  shown  in  Figure  2.4.  The  program
defaults are already filled in the fields. Changing only those required is sufficient.

1. The base name for the output files is a tag that is carried to all other files
from now on. It is saved in every native data file used in later processing.

2. There are options to request/disable writing of videos of image processing
steps in this module. In general, writing videos takes lot of memory and
overall run time also increases dramatically. If “OUT OF MEMORY” error
occurs in MATLAB then disabling video recording may help reducing the

5/28



PSRECON3D

memory requirements.

3. If padding of additional black frame is used in the image registration step,
then the width of the padded frame in pixels needs to be entered into the
inputs dialog of this module.

4. The image registration module saves the images in the subfolder with the
same name as the original files. The first image number and last image
numbers have to be given as inputs.

5. Slice thickness set value: the programmed value of the slice thickness in
the Auto Slice & View script.

6. Pixel size order

7. Automatic  contrast  adjustment  of  the  images  prior  to  slice  thickness
evaluation is a useful tool, but must be carefully used. If used on images
with  good  contrast,  over  saturation  of  the  brighter  phase  may  occur.
Experience with nanoporous gold image stacks suggests that one should
try  with  and  without  auto  contrast  adjustment  and  decide  whether  to
include or not based on the final result.

8. Mask size for background intensity gradient removal: choose the size of
this  mask  comparable  to  the  length  scale  of  background  intensity
gradient.

9. ROI/VOI wedge angle
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Figure 2.4: Input parameters for individual slice thickness extraction module.
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10. “dh”  parameter:  The  slice  thickness  evaluation  begins  by  selecting  a
sufficiently  tight  window  around  the  ROI  in  the  first  SEM  image.
Subsequently, the program gradually increases the window size according
to  the  wedge  angle.  The  “dh”  parameter  is  an  adjustment  feature  to
ensure that the ROI is fully contained within the selection window when
there  is  a  sudden  increase  in  slice  thickness.  Thus,  the  value  of  this
parameter depends on the ability of FIB system to maintain the set slice
thickness, and needs a couple of trials to optimize for a given image stack.

11. Fixed thickness:  This takes the values 0 (False) or 1 (True).  When False,
individual slice thickness will be determined using the advanced method.
When set True,  a fixed slice thickness equal to the set value is used to
make the voxel (volume) image.. This is a benchmark tool useful to asses
the  improvement  obtained  from  the  more  accurate  determination  of
individual slice thickness.

The output of this module is a native data file in the MATLAB *.mat format that

contains the grayscale volume image that can be supplied as the input for the
Binarization module.

2.1.3 Binarize grayscale volume
Add text here….

2.1.4 Surface mesh (Linear triangles)
Add text here...

Useful literature:
(Fang and Boas 2009) (CGAL 2015) 

Vtk file formats, STL file format

2.1.5 Volume mesh (Tetrahedral mesh)
Can produce a mesh of the white phase or a composite mesh of both phases.

The output mesh can be either linear or quadratic tetrahedral mesh.

Output mesh formats:

1. ABAQUS *.inp

2. COMSOL *.meshtxt

7/28
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3. Vtk Legacy unstructured grid (*.vtk)

1. Mesh method:  CGAL MESH is  the most robust method, and produces a
tetrahedral  mesh  in  one  step.  CGAL  SURF   TetGen  first  produces  a→
surface mesh using the CGAL surface mesh extraction algorithm and then
uses TetGen to produce tetrahedral mesh. This route cannot be used to
produce a composite mesh of both phases.

2. Radius  bound:  Side  length  (in  pixels)  of  the  surface  triangles  in  the
tetrahedral mesh.

3. Maximum tetrahedral volume: controls the size of the tetrahedrons.

Useful literature:
(Fang and Boas 2009) (CGAL 2015) (Si 2010) 
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Figure 2.5: Control parameters for tetrahedral meshing of binary volumes.



PSRECON3D

Vtk file formats,

2.2 Analysis
The following analysis options are available for 2D images and/or 3D volumes:

1. Volume fractions

2. Specific surface area

3. Curvature distribution for 3D closed surfaces

4. Genus and Euler characteristic of 3D closed surfaces

5. 3D Skeletons: Node connectivity, link length distribution

6. Pore side distribution: Granulometric and Torquoto analyses

7. Radial distribution function for 2D images and 3D volumes

8. Pair correlation function along Z-axis for 3D volumes

9. Interface/surface normal distribution function

2.2.1 Volume fraction
Volume fraction of the white phase is computed if the input is a binary voxel
image. Otherwise, the volume fraction of the volume enclosed by the surface
mesh is computed. In calculating the volume fraction the program assumes that
the meshed phase is part of a bounding rectangular parallelepiped. 

2.2.2 Specific surface area
This  module  computes  the  specific  surface  area   of  a  triangulated  surface
mesh. This module also identifies disconnected regions and plots them. 

2.2.3 Curvature distribution function (ISD)
The ISD gives the probability of finding a patch of an interface with a given set of
principal curvatures. To construct the ISD, the minimum and maximum principal
curvatures, denoted by   and  , respectively, are computed at every node on
the triangulated surface mesh.  A triangulated surface patch around the given
node is selected by considering first- and second-nearest neighbor nodes. A least-
square quadratic surface is then fitted to this node set. Subsequently, the two
principal curvatures are obtained from the eigenvectors and eigenvalues of the
Hessian matrix defined at the prescribed node. The ISD is then constructed by
defining a probability density such that  gives the probability that
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a  randomly  chosen  point  will  have  two  principal  curvatures  between   and
, and   and  . If   is the surface area of all the patches

with curvature between these ranges,  is the area of the whole surface, then
the ISD is obtained as (Kwon et al. 2010)

(Equation 2.1) 

Scaling  the  principal  curvatures  with  the  specific  surface  area   allows  the
comparison  of  ISDs  of  structures  with  different  characteristic  length  scales.
Hence, the program plots the scaled probability density in the scaled principal
curvature space.

Curvature  analysis  can  be  performed  on  three  types  of  input  data  for  the
structure: a triangle surface mesh either in the Legacy ASCII Vtk (POLYDATA  or
Unstructured grid) formats or in the binary STL (Stereo Lithography) format, or
can also input the binarized volume (voxel) image in MATLAB's  *.mat file. The
STL file or the voxel image file must have been produced with PSRECON3D. One
could also use the stlwrite function supplied with this toolbox to export from

other formats. STL ascii format using this function and binary files exported from
other programs are not guaranteed to work.

This module computes two quantities: (I)  interface shape distribution function
(ISD)  (Kwon et al. 2010) and (ii) area weighed probability densities of mean ( )

10/28

Figure 2.6: Input parameters for curvature analysis.
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and Gaussian ( )curvatures normalized by the specific surface area   and its
square, respectively. These results are plotted in separate figure windows which
can then be saved by the user in a  convenient format using MATLAB's native
figure save support from the figure's toolbar.

Useful literature:
(Kwon et al. 2010) (Kwon et al. 2009) 

2.2.4 Genus and Euler characteristics
This module computes Euler characteristic  , genus  , and specific surface area

.  The  input  can  be  a  triangulated  surface  mesh  in  either  Legacy  Vtk
(POLYDATA/UNSTRUCTURED_GRID) format or in the native STL binary format.

Here, it is assumed that the input surface is closed. Although the orientation of
the triangles in the surface mesh are checked for consistency, it  is advised to
make sure that the surface mesh is oriented properly.

Useful literature:
Euler characterstic and genus, 

2.2.5 3D Skeleton
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Figure 2.7: Skeletonization module showing analysis results.

http://mathworld.wolfram.com/EulerCharacteristic.html


PSRECON3D

The skeletonization module can take either a binary volume in the native *.mat

data file, or a surface in the Vtk ascii  or STL binary format.  Skeletonization is
actually performed on binary voxel data. When a surface is given as input, it is
converted to a binary voxel mesh to apply the skeletonization algorithm.

The skeletonization algorithm is based on  (Lee et al.  1994). This is sometimes
found  to  produce  spurious  branches  (one  node  connectivity)  on  the  main
skeleton. To minimize this problem, optimize the  voxel size (not too fine) used to
convert the surface to voxel volume. A trial and error needs to be followed. Thus,
unfortunately a successful skeletonization relies on the experience of the user.

The analysis results comprises a frequency plot of the arc length of the links. We
define a link as the line connecting two nodes (junctions of struts/ligaments). It
also consists of a frequency plot of nodal connectivity, i.e. the number of links
connected to a node. These two are plotted in separate widows and can be saved
by the user in a required format. The nodal connectivity plot is superposed with a
nodal connectivity analysis excluding the links that have only one node (blue link
in  Figure 2.7).  A similar plot for arc length of the links is also generated.  The
skeleton and the surface are plotted together in the Image panel (Figure 2.7).
This panel cannot be saved. For better visualization and manipulation, three vtk
files are also generated: 

1. $(BASFILEENAME)_skeleton_surface.vtk

2. $(BASFILEENAME)_skeleton_junctions.vtk

3. $(BASFILEENAME)_skeleton_links.vtk

These can be visualized in PARAVIEW using tubes for links and spherical glyphs
for nodes. An example Paraview pipe line is shown in Figure 2.8.
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Tortuosity
The  analysis  results  also  includes  a  frequency  plot  of  tortuosity.  A  simple
definition of Tortuosity of a curved member is the ratio of the arc length of the
curved member to the length of the vector connecting its end points. Thus, the

tortuosity of a circle is zero, and that of a semi circle is /2.

Useful literature:
(Lee et al. 1994) (Kerschnitzki et al. 2013) 
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Figure 2.8: Visualization of the skeleton in Paraview: nodes, links and the orginal surface. The input
was  a  Vtk  surface  mesh.  The  "number  of  voxels"  along  the  side  of  the  cube  were  200  in  the
skeletonization process.
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2.2.6 Pore size distribution

Useful literature:
(Torquato 2002) (Torquato 1991) (Coker et al. 1996) 

2.2.7 Surface normal distribution (SND)
To construct the IND, the outward unit normals of the surface triangles are 
transferred to a unit sphere such that their initial points are at the sphere center 
while their terminal points lie on the surface of the sphere (Kammer 2006). The 
probability density of the normals, weighted by the area of the respective 
triangles, is constructed on the surface of the reference sphere. The surface of 
the reference sphere is discretized into bins of equal area. Subsequently, an 
equal area projection onto a tangent plane normal to a selected axis is used to 
plot the IND in two dimensions. Equal area projection preserves the area of the 
bins on the sphere when projected on to the tangent plane, thus minimizing 
distortion at the poles. The far and near hemispheres need to be projected 
separately for non-symmetric structures. 
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Figure  2.9:  Equal  area  projection  (Kammer  2006) :
Projection  of  the  near  hemisphere  on  to  the  tangent
plane  at  the  nearest  pole.  The  point  on  the  sphere
surface is projected radially on to the tangent plane so
that the point on the surface and its projection on the
tangent plane are equidistant from the pole.
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4. Benchmarks

4.1 Curvature
Curvature of the surfaces has been calculated in two ways for comparison and
validation.  Paraview  provides  a  filter  that  can  compute  Gaussian  and  mean
curvatures of a triangulated surface. Comparison of results from two methods on
a small nanoporous gold sample is shown in Figure 4.1.
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Figure 4.1: Mean (H) and Gaussian (K) curvature distributions calculated using Paraview's curvature
filter (shown in top row) and MATLAB script (bottom row). H and K have been normalized with the
specific surface area and its square, respectively. Both tools produced very similar results, with the
MATLAB script  yielding more smoothly  varying contours,  since it  considers  up to  third  nearest
neighbor ring of nodes to calculate curvature at a node.
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4.2 Euler characteristic and genus
For  a  sphere  with  fine  discretization  (46k  elements),  the  Euler  characteristic
obtained from  integral curvature formula has matched exactly. However, for a
cube like  the  one shown  in  Figure  4.2,  which  has  little  “rounded  edges”  and
“corners”,  the  integral  returns  a  diverging  incorrect  EC  values  of  -0.75  (20k
elements) and -4.7 (120k elements). This error comes due to the sharp corners
where the absolute value of the curvatures reach very high values. This is also the
case for cages with square cross sectioned beams. For example, the second cage
in the bottom most row yields an EC value of -6 (polyhedral formula) and -15 to
-10  (integral  curvature  method)  when  the  beams  are  nearly  square  cross-
sectioned.  However,  upon  smoothing  the  surface  (by  moving  nodes)  to  the
extent the beam cross section becomes near circular, an EC value of -6.9 has been
attained through the integral curvature formula. Further smoothing particularly
at the sharp corners is expected to improve on this estimate. Hence, it may be
concluded  that  the  polyhedral  method  is  more  accurate  than  the  integral
curvature method to determine Euler characteristics.

17/28



PSRECON3D

18/28

Figure  4.2: Euler characteristics and genus of some standard shapes computed with the in-house
MATLAB program
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4.3 Surface normal distribution (SND)

19/28

Figure 4.3: Surface normal distribution for a few primitive shapes.
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Figure 4.4: SND of some complex shapes
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x2 + z2 = 1+sin(y/4*pi)

x2 + y2 = 0.5*(1.25+sin(z/2.3*pi*2))

Figure 4.5: SNDs of shapes of complex symmetry.
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4.4 Skeletonization
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5. To-do/Known bugs
1. Finish the “Preferences” menu for all modules

2. Convert raw data: Fix file naming when saving.

3.
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