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Abstract. To completely segment all individual wood fibres in volume
images of fibrous materials presents a challenging problem but is im-
portant in understanding the micro mechanical properties of composite
materials. This paper presents a filter that identifies and closes pores
in wood fibre walls, simplifying the shape of the fibres. After this filter,
a novel segmentation method based on graph cuts identifies individual
fibres. The methods are validated on a realistic synthetic fibre data set
and then applied on pCT images of wood fibre composites.

Keywords: microtomography (nCT), graph cuts, wood fibres, compos-
ite materials.

1 Introduction

This article addresses the problem of segmenting individual wood fibres in syn-
chrotron radiation micro computed tomography (CT) images of wood fibre com-
posites, which is solved in a two step procedure. The first step is to identify the
void inside wood fibres called the lumen. It is a challenging task, particularly
when the fibre wall does not separate the lumen from the background. This is
the case when cracks have formed, or when the membranes of the fibre pores
are damaged or thinner than the maximal resolution of the imaging modality,
see Fig. [l In the second step, the segmented lumens are used to guide the
identification of individual fibres using a graph cut segmentation algorithm.

Wood fibres are relatively cheap to produce and thus interesting to use as bulk
material in, for example, wood fibre reinforced composites. The wood fibre is a
tree cell that mainly consists of cellulose (40 — 44%), hemicellulose (15 — 35%)
and lignin (18 — 35%) dry weight [I]. In a tree, it functions as a transporter
of nutrition and water and is also the building block that gives wood materials
their mechanical properties. It has an elongated shape with small pores, as seen
in Fig.[Il However, during the manufacturing of bulk material, the cell structure
may be damaged. The fibres sometimes break into small pieces and cracks appear
in the fibre walls. This gives the material new mechanical properties and it
introduces significant difficulties for segmentation algorithms.
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Fig.1. (A) A CT image with a cross section of a fibre with a pore in the middle. (B-D):
Three hollow wood fibres extracted from a CT volume with the methods described in
this article. A pore can be seen in the wall of fibre (D).

3D images of fibrous materials can be acquired in high resolution using con-
focal microscopy of 2D slices cut from the sample with a microtome and by CT
of full 3D samples [23]. With the microscopy approach the resolution is seldom
isotropic while the CT technique yields isotropic images and has also the advan-
tage of being non destructive. Acquisition time varies from about one week for
microtomy down to 20 minutes with the CT technique.

Wood fibre composites typically have a tight fibre network with many points of
contact, which makes identification of individual fibres challenging. A complete
segmentation is however necessary to understand the mechanical properties of
the composites. One characteristic of the fibre that usually can be distinguished
or identified is the lumen. We therefore follow the approach of first identifying
individual lumen, and from there identify the corresponding fibres.

1.1 Previous and Related Work

Existing lumen segmentation methods are based on geometrical approaches and
are designed for binarized 2D slices where each pixel is either fibre or background.
In [4], lumen are identified as non fibre objects that have a certain area, ellipticity
and mean curvature. This method is later used in [5] and [6], where a total
number of ten fibres are segmented by applying this technique to sequential
slices of a volume image. Pores in the cell walls do, however, result in many failed
segmentations using this approach. To solve the problems with pores, Aronsson
carried out some experiments with active contour models, snakes, steered by
Gradient Vector Flow [7] but concluded that it was not very useful since the
lumen often are far from elliptical in 2D slices. Hagen and Holen [§] developed
a method that was later refined and automated by Bache-Wiig and Henden [9]
to handle pores. Their method is based on a series of operations involving the
constrained distance transform [I0] and can not operate on single image slices.
It is further restricted to small pores in fibres that shouldn’t be much deformed.

A good lumen segmentation can be used as a seed for segmentation of individ-
ual fibres. Aronsson [4] has presented a method for this in which the constrained
3,4~ chamfer distance transform is calculated from each lumen in the fibre mate-
rial. The fibre wall thickness is then estimated from the histogram of the distance
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(d)

Fig. 2. (A) A synthetic image from [4] and (B) the corresponding segmentation result.
(C), the result of our graph cut segmentation method. (D) A close up of the three
fibres to the bottom right from (left) our method (right) Aronsson’s method.

values. Based on that, a segmentation is performed. The method works under
the assumption of uniform fibre wall thickness and was demonstrated on a syn-
thetic image that we have reproduced in Fig. 2l Since the fibre wall thickness is
not even, there is a need for other methods.

Another approach to fibre segmentation is by tracking, i.e. by non global
methods that follow individual fibres from seed points. There is a method based
on the Radon transform by Axelsson [I1], a region growing approach by Svensson
and Aronsson [6] and a maximally stable extremal regions based method by
Donoser and Bischof [12]. We aim at global segmentation of full volume images,
while the tracking methods aims at segmenting one fibre at a time and often
require user interaction.

1.2 Contributions

A filter that identifies and closes pores in the fibre walls is presented, which has
the advantage over previous methods that it works on a wide range of shapes
and sizes of pores and cracks. A new method, based on graph cuts, to segment
individual fibres in volume images is introduced. It has the advantage over the
methods described above that the restriction to even fibre walls thickness is
removed. Evaluations of methods designed to operate on images of wood fibres
are hard to perform, since no ground truth usually exists but here we describe
preliminary results on how to generate realistic synthetic 3D images of wood
fibres for evaluation.

2 Methods

In this paper, we propose a filter that closes pores in cross sectional 2D images
of fibrous materials, which is based on curvature calculations of the fibre wall
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boundaries. It identifies the opposite sides of pores as maxima in the curvature
and connects suitable pairs of such points by line segments. We then segment
individual fibres from 3D volumes using the lumen segmentation and graph
cuts. The method transforms the volume image to a weighted graph structure
and solves the segmentation problem in that domain before reconstructing the
segmented volume image.

2.1 Closing Pores

In cross-sectional images of wood fibres, it is observed that the points of highest
curvature at the boundaries are those at opposite sides of pores. Identifying pairs
of points with high curvature and connecting them by line segments will thus
close the pores.

The input data are binarized slices I(x, y) € {0, 1} extracted from 3D volumes.
For each object in the image, boundaries are extracted by using 8-connectivity
(4-connectivity would give a more rugged boundary) and the pixel coordinates
are stored in the arrays Z(c) and g(c), where c is discrete. Anti clockwise direction
is defined as positive on the outside of objects and the coordinate arrays are
treated as cyclic. The coordinates are upsampled by a factor three and smoothed
by a Gaussian kernel, G, with o = /2 to reduce unwanted details and digitization
effects. The parameter ¢ is the expected fibre wall thickness. This gives b(c) =
(Gx2(c), Gxy(c)). We denote the first derivative #’(c), and the second derivative
2" (c).

The curvature x at a point ¢ of a curve is a measurement on how bent the
curve is [I3]. As a comparison, a circle with radius r has a curvature of 1/r
everywhere. In our case, the anticlockwise boundary extraction gives a positive
curvature where the border is convex. Hence the curvature will have positive
maxima at the opposite sides of the pores. We also use two distance measures
for the identification of pores, the shortest distance along the boundary (the
geodesic distance) dg(b(i),b(j)) and the Euclidean distance dg(b(i), b(5))-

However, to connect any two points where the curvature has a local maximum
is not selective enough . First of all, if the fibre wall has a thickness, ¢, then the
curvature at the pore is 2/t and we demand the curvature to be at least half of
that. We do not let the distance along the boundary be longer than the maximal
circumference of a lumen m,. and we do not let the Euclidean distance be larger
than half of that. We also want the ratio between these distance values to be
strictly different from 1 to avoid connecting corners of fibre walls with polygonal
shape. We also not allow the straight lines between the points to overlap fibre
material by more than four pixels.

Taking these considerations into account, we connect suitable points with line
segments using Bresenham’s algorithm [I4]. We illustrate the method on a CT
image of a fibre cross section in Fig. Bl and the complete algorithm is described
in Algorithm [[I Note that the algorithm is performed in all three coordinate
directions in the volume to achieve more directional invariance.
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Data: (A 2D binary image)
Result: (A 2D binary image where pores are closed)
for each object in the image do

extract the border to (Z,7) ;

T=2xG, §=9*G, blc):=(I(c)g(c)) ;

Kk(e)=" ((;/)zlc)g:z;'gic)(;))g/?(d (calculate the curvature);

for all ¢;, ¢; do
if k(ci), K(c;) > | and k(ci), k(c;) are local mazima;
b(c;

da(b(ci), b(c;)) < me and §8 V) > 1.2 and [,

)
dp(b(ei)b(c;)) I(z,y)ds < 5

pizels then
connect b(¢;) and b(c;) using Bresenhams algorithm;
end
end
end

Algorithm 1. The algorithm that closes pores

(a) (b) (c)

Fig. 3. (A) Cross section of a fibre with a pore. (B) There are many maxima in the
curvature but in this case only three are strong enough and thus potential end points
for lines that could close the pore. The location of those points are marked with black
dots. (C) The line connecting the maxima at the gap is automatically selected and thus
the fibre wall can be completed and the lumen correctly identified as the black region.
More examples can be seen in Fig. [7l

2.2 Segmenting Lumen

The fibre walls will separate lumens from background when the pores are closed
and thus, lumen can be segmented by labeling all non-fibre objects in 2D images.
The standard procedure is then to classify the regions as background or lumen
according to a few geometric features [4]. In our experiments, we simply classified
objects as lumen or background depending on their area.

2.3 Automatic 3D Segmentation of Individual Fibres

It is possible to distinguish between fibre material and background in 3D CT
images and from now on we also assume that individual lumen are segmented.
When wood fibres are randomly distributed in some material, they have larger
contact areas to their own lumen than to other fibres. As a consequence, when
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Data: wol (a 2D or 3D fibre image);

lum (a lumen segmentation of vol);

capMap (an edge capacity map, see the text);
Result: seg (A segmentation of the fibres in vol)

for each label in lum do
construct the graph, each pixel is a node and neighboring pixels share an

edge with capacity according to capMap.;

connect all voxels of the label to the source and remaining lumen voxels to
the sink. ;

solve the min-cut optimization problem and store in MC ;

for Each node in MC do

if the node is connected to the sink then
set the corresponding pixel in seg to the current label;

remove the corresponding pixel in vol and lum;
end

end
end
set all voxels in seg that corresponds to any lumen in lum to zero;

Algorithm 2. The fibre segmentation algorithm. It uses a lumen segmen-
tation as seed and divides the volume with graph cuts.

Fibre Lumen

L
NN .
(a) (b)

Fig. 4. After the image (A) is binarized into (B), each of the 25 object pixels is replaced
by a node connected to its neighbours as in graph (C). The orange pixels in (B)
represent lumen and we connect the left one to a special node, called the source and
the right one to the sink, t. The minimal cut in the graph (C) is marked with a dashed
line and separates the two fibres.

modeling the flow or transfer of something, say water, between different lumen
in a fibre network; the fibre to fibre contact will limit the flow. Hence, to find
such regions and cut there would also be to segment the individual fibres. Such
modeling exists in graph theory and the solutions are called minimal cuts [I5].
A volume image can be converted to a graph by letting each voxel be a vertex
and connect each adjacent voxel by an edge. When constructing a graph, each
edge is allowed to have an individual (directed) capacity. We take advantage of
that in two ways. First, we must assure that the flow from small lumen is not
restricted because the number of pixels around it increases with the distance.
This is solved by letting the capacities of the edges decrease linearly with the
distance from the lumen until a distance corresponding to the largest expected
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fibre width. We let the capacities increase linearly with the distance from the
boundary between fibre and background. We call the result a capacity map for
the graph structure. The full 3D algorithm is described in detail by Algorithm 2]
and a 2D illustration is shown in Fig. @

3 Data

To validate our algorithms, they were tested on three types of data: synthetic
2-D images from a previous publication [4], realistic synthetic 3-D datasets of
fiber materials recently developed in our lab and data from fibers scanned at
ESRF in Grenoble, France.

3.1 Realistic Synthetic 3D Fibre Volumes

To validate our segmentation algorithm, we constructed a program to generate
synthetic images of fibres in a volume with the dimensions 100 x 100 x 200, where
the fibres are aligned roughly along the last dimension. This is the case in paper
and in many composite materials.

Each fibre is individually shaped from a set of variables that are uniformly
distributed within an interval. The outer rim of the fibre cross section is modeled
by a superellipse, ((z/r1)" 4 (y/r2)™)*/™ < 1, where n € [2,4]. The two principal
diameters of the ellipse are ri,72 € [6,16], the thickness of the fibre wall is
t € [1.3,2] and the fibre length is L € [100,160]. The bending of the fibre is
modeled by aligning the fibre along a circle of radius R € [150,300]. The fibre
is also twisted around the longitudinal axis, in total f € [0,2n] radians, and
randomly rotated around the same axis to make sure the bending of the fibre
is applied in a random direction each time. Variations in the surface texture of
the fibre were modeled by Perlin noise [I6] and pores were added randomly to
model irregularities and membranes in the fibre wall.

The fibres were stacked together by a simple procedure that placed each fibre
inside the volume at a random position where it did not cover any other fibre,
and then it was shifted by random steps in the two directions perpendicular to
the fibre direction until it either reached the border of the volume or hit another
fibre. In this manner, most fibres have contact with each other. Finally, the
rendering of the fibre volume allowed us to extract different kinds of volume data:
an anti-aliased gray-value model of the fibre volume similar to the CT images
of fibres that we acquired; a thresholded image that has similar characteristics
to the thresholded data sets we use for segmentation purposes; and finally, a
volume where each voxel is labeled according to which fibre it belongs to. We
also had the option to generate these images with or without pores, which was
particularly useful to validate our pore-closing algorithm.

3.2 CT Images

The 3D CT images were imaged at the European Synchrotron Radiation Facility
in Grenoble with a voxel size of 0.7 x 0.7 x 0.7 pm after the reconstruction. For
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B (.
’ umf I

Fig.5. A synthetic image is displayed in (A). A lumen extraction without closing the
pores in the fibre walls gives the result shown in (B). If the proposed method is used,
a better result, shown in (C), is obtained.

." ’ ‘h ’
(a) (b)

Fig. 6. Segmentation of fibres from the artificial volume with the proposed graph cut
method. (A) The original volume from which lumen were segmented. (B): Each fibre
is segmented, labeled and displayed.

(a)

our purposes, they are binarized by first applying a SUSAN filter [I7] and then
thresholding segmentation. Fibre material take up ~ 17% of the volumes. Parts
of three extracted fibres can be seen in Fig. [

4 Results

The described methods were implemented for MATLAB (Release 2008b, The
MathWorks) and MEX using C++ and run on a PC with 8 GB RAM under
Red Hat Linux. The running time for the pore closing in Fig. [{l was less than
10 minutes. Segmentation of the fibres in Fig. 2l took less than a minute and for
the 3D problem in Fig. [f] less than 5 minutes.

4.1 Closing of Pores

We let the method process each slice of the synthetic 3D volume in Fig. Bl where
the fibre walls are full of pores. There are in total 144141 voxels that correspond
to lumen in that volume (the number approximated by analyzing the same vol-
ume before the pores were created). Results from the experiment that show that
the method is successful are displayed in Tab. [l
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Fig. 7. Results of the fibre closing method on cross sections of fibres from CT-images

Table 1. Evaluation results of the pore closing method on a synthetic 3D image.
Missing voxels are those that should have been classified as lumen but were not. Surplus
voxels are pixels falsely classified as lumen. Max overlap is the number of pixels with
fibre material that lines connecting pores are allowed to pass through.

No Closing With Closing
Max overlap - 2 3 4 5 inf
Missing voxels 20891 16375 9599 8382 8572 9377
Surplus voxels 0 119 415 753 934 1055
Total pixel errors  14% 1% 7% 6% ™% 7%

Results of the closing method on single fibre cross sections from pCT data is
shown in Fig. [0

4.2 Individual Fibre Segmentation

We constructed the graph representations using 4- connectivity for plane image
slices and 6- connectivity for volumes and used the MAXFLOW software [I§] to
solve the min-cut optimization problem.

The segmentation method was tried on the same 2D synthetic image as the
method of Aronsson, see Fig. 2l where we first dilated each lumen as far as
possible before it hit the background. In that case, our method is better since it
does not leave any unassigned pixels and it resolves boundaries between fibres
with less bleeding.

We have used the method on 3D images as well. For a synthetic volume, the
segmentation worked excellently as shown in Fig.[ll We are also able to extract
fibres from CT images, a few are shown in Fig. [l

5 Discussion and Conclusion

The lumen closing method works best when the fibre direction is close to or-
thogonal to the slicing plane but is quite robust as seen in the example in Fig. 3]
where the fibre clearly is not orthogonal to the plane. The method works on a
wide range of shapes as seen in Fig. [l The fibre closing can easily be extended
to non-isotropic pixel sizes. The missing voxel errors in Tab. [[] are mainly due
to multiple cracks in the fibres, in the same slice. The surplus voxels are created
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where the fibres are densely packed and small areas between them are classified
as lumen. From Tab. [[I we conclude that the method works as expected. We
think that the remaining 6% errors are due to pores larger than the fibre wall
or when there are many of them in a single cross section.

The fibre segmentation will return one individual fibre per supplied lumen.
Hence, good lumen segmentation is important.

From experience, we know that fibres show a great variation in morphology
and at this early stage of the development of a synthetic dataset generator we are
only able to model some aspects that are relevant for this particular segmentation
task. The building of a more complete environment for simulation of wood fibre
materials is a task for future work within the scope of our current research
project.
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