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Abstract. The problem of separating touching or overlapping objects is classical
in imaging. Many solutions have been proposed in 2D. While similar, the prob-
lem in 3D has differentiating features. Contrary to the 2D case, apparent overlap
due to projection effects does not exist, but real or apparent interpenetration can
occur only due to either physical particle fusion or partial volume effects. Often
the ability to separate objects logically is sufficient, however sometimes finding
the orientation of tangent separating plane is useful. In this article, we propose
a method for separating 3D touching objects and estimate a precise separating
plane based on power watershed. Power watershed is used in two steps, first to
obtain individual object identification, and in a second step to compute a proba-
bility field allowing sub-voxel accuracy in the plane fitting procedure. We show
that our procedure is much more precise than a simple segmentation approach.
We illustrate this in an application involving the shearing of a sample of sand
grains imaged in various configurations by micro-CT tomography. Our technique
allows the measurement of the orientation of the contacts between grains, a quan-
tity that theoretical developments in soil mechanics explicitly use, but which has
up until now been difficult to measure from experiments.

Keywords: Segmentation, random walker, orientations, micro-tomography.

1 Introduction

In this article, we aim to accurately measure the contact orientations between touching
3D particles.

Our motivation is to enable some experimental measurements in soil mechanics.
When granular materials such as sand are mechanically loaded, strain localisation can
manifest itself as shear banding which leads to rapid, non-linear failure of the material;
failure is associated with catastrophic events such as landslides. In order to better un-
derstand the process of strain localisation in a granular material such as sand, it must be
studied at the scale at which strain localises; for sands this is likely to be the grain scale.
Historically micro-mechanical information has been difficult to measure in real experi-
ments, so this information has been obtained by numerical simulations on large numbers
of particles. Recent advances in X-ray tomography allow individual sand grains to be
imaged in 3D, paving the way for grain-scale measurements on real granular materials.
A full micro-mechanical description of the kinematics occurring at the grain scale needs
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to include grain kinematics (rotations and displacements of grains), as well as contact
kinematics (the gain or loss of contacts, and the orientation of those contacts).

Fig 4 illustrates the process of strain localisation: vertical sections from 3D im-
ages of a sample show that a small subvolume of grains is massively deformed by
the shear band that develops in the sample. In such a sample there are more than fifty
thousand grains, so automatically and accurately segmenting each grain as well as pro-
viding unbiased estimates of grain contact orientation is essential for a complete micro-
mechanical description of the processes at work.

In 2D images, separating binary overlapping convex objects is a common and clas-
sical problem in image analysis. It has been presented to students of Mathematical Mor-
phology (MM) for a long time [3], and is typically solved with distance functions [17]
and watershed [4]. It is one of the most well-known application of MM in general [10,
11]. This simple distance-based solution has many drawbacks. Proposed improvements
over it have led to many fruitful concepts in MM, such as h-extrema [22], elliptical
distance transforms [20] and conditional bisectors [14, 21, 7].

In 3D the problem is similar but different. In 2D the need to separate overlapping
objects is common due to projection effect, whereas in 3D this effect does not exist.
However there exist some physical cases where interpenetrating (quasi) convex objects
are grown or fused together such as sintering processes in materials science. As well,
when objects are small, lack of resolution or diffusion in some imaging modalities may
cause an effect known as partial volume effects to become prevalent [5]. This may
causes 3D particles to appear fused rather than simply touching.

Separating fused objects in 3D is conceptually no different than in 2D, and indeed
most methods developed for 2D readily carry over to higher dimensions with similar
success. However the problem we study in this article is somewhat different again. In
many applications, segmenting the fused objects is sufficient, allowing separated objects
to be counted and measured. Nonetheless, when two objects are touching physically, it
is sometimes useful to study the contact itself, in particular the spatial orientation of the
plane of contact, when such a concept can be defined. We consider a correctly oriented
separation plane between two grains to be a good approximation of a mechanically
relevant contact orientation. A reliable and accurate way to automatically measure ori-
entation of the contact surface between objects is therefore required.

The rest of the paper is organized as follows: in section 2 we provide the necessary
background notions. In section 3 we describe our proposed segmentation and separat-
ing plane orientation estimation procedure. In section 4 we present results on simulated
touching spherical particles. In section 5 we present results on real data, first on phys-
ical spherical beads, and then on actual sand grains. We conclude by showing that our
procedure is less biased than previous methods for separating grains.

2 Background notions

Here we present the necessary notions for our proposed method.
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2.1 Watersheds

Watershed is the de-facto standard procedure for segmentation in MM [16]. Watershed
as a segmentation procedure was proposed at the end of the 1970s [4], however fast
procedures enabling its efficient computation were only proposed in the 1990s [23, 15].
Various types of watershed algorithms have been proposed. We may mention some that
produce labeled regions with a thin inter-pixel boundaries like Meyer’s algorithm [15],
some that produce a thick pixel boundary like the topological watershed [8], and some
that make explicit use of the graph structure of the underlying image like watershed
cuts [9]. In the latter case, the resulting separating cut or boundary is located inter-pixel.

2.2 Power watershed

Recently a new type of watershed was introduced, the power watershed [6]. It is defined
as the epi-convergence of the result of the optimization of the following energy:

argmin
x

∑
ei j∈E

wp
i j|xi − x j|

q +
∑
vi∈V

wp
i |xi − yi|

q. (1)

where (V, E) is a graph consisting of an edge set E linked by vertices belonging
to V . Vertex i is denoted vi ; the edge linking vi to v j is denoted ei j. The wi j are edge
weighting that are given, and the xi are vertex value belonging to x, the set of all the
vertex values that we seek to optimize. In imaging, the pixel locations correspond to
vertices and the edges represent the underlying neighborhood connectivity. In this pa-
per we consider the nearest neighbour, i.e. the 6-connectivity for 3D. In a Maximum
A Posteriori (MAP) framework, similarly to Graph Cuts, the first sum over edges is
interpreted as a regularization or smoothness term, while the second sum over vertices
is a data fidelity term. In particular, this data term can be easily used to enforce seeds
for image segmentation, i.e. regions where the labelling x is known and fixed.

Finally, in (1), p and q are integer with specific interpretations. In particular, when
q is set to 2, for every finite p, the solution to (1) represents the energy of a Random
Walker (RW) [12]. If we make p tend to infinity, the resulting x∞ epi-converges to a
unique solution, which is termed the power-watershed. Indeed, this x∞ has many of the
properties of a usual watershed. In particular if the data fidelity represents binary seeds,
then x∞ is a binary labelling everywhere equal to the result of a watershed cut, except on
separating plateaus. These are the regions of constant edge weighting that are contested
between the two labels. On these edge plateaus, the solution is that of a random walker.

In [6], an efficient algorithm is provided to compute this solution without having to
resort to a convergence process. On contested plateaus, as in the RW result, the values
of x∞ can be interpreted as the probability of a discrete random walker moving from
vertex to vertex along the edges of the graph to reach one label vs. the others. In the
case with arbitrary n markers, one needs to compute n probability fields, however in the
case of two markers A and B, if the probability of reaching A from some point is p, then
the probability of reaching B is 1 − p, therefore computing a single probability field is
sufficient. These aspects will be essential in the next section.
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2.3 Objects separation with classical and power watersheds

The procedure for object separation with classical watershed is well known, but we de-
scribe it here for reference. We assume 3D volume images and a pair of interpenetrating,
approximately convex objects.

1. Given a binary image I containing the objects, an inner distance transform E(I)
is computed for all objects. In this article we used the Euclidean distance trans-
form [18].

2. The maxima of this distance transform MAX(E(I)) are used as seeds. To account
for boundary noise, more robust h-maxima can be used instead [19].

3. The Euclidean distance map image is inverted, and a watershed transform is com-
puted on it WS(−E(I)), stemming from the seeds computed at step 2.

This procedure finds a satisfactory separating surface, even if the objects are of different
size, if the objects interpenetration is not too deep, which will be the case in our appli-
cation. Depending on the watershed transform used, the output may be a labeled image,
in which case the watershed surface is assumed to be the located between neighboring
voxels with a different label, or an actual discrete surface composed of voxels.

A B
C

Fig. 1. Object separation with power watershed/random walker. Assuming a constant edge
plateau, except on the thick vertical dotted line, where edges that are crossed are given a high
weight, i.e. are difficult to cross. A and B represent labels. We estimate the probability of a ran-
dom walker in C to move to the west as opposed to all the other directions (north, south or east).
We see that locally the probabilities are identical because all neighboring edges at this point have
the same weight. However globally, there are many ways for a random walker to come from C
to B. whereas there is only one way to go from C to A. Therefore, random walker probabilities
must be high east of C, and then drop rapidly through the vertical dotted line.

In the case of the power watershed, the procedure is different. Indeed, seeds are still
needed, and can be extracted from the maxima of the Euclidean distance map, however
the inverted distance map is not necessary for the computation of the labelling x de-
scribed in section 2.2. Indeed, if we consider the binary object as a contested plateau,
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then the power watershed reduces to the computation of a pure random walker stem-
ming from the disjoint seeds. In this case the computation of x on the plateau exhibits
a sharp variation when crossing the boundary from one object domain to the next. This
is due to the fact that a random walker is much more likely to reach the nearest seed
in its domain of origin rather than cross the domain to the other seed through the small
aperture between them. Therefore, to first order approximation, the resulting labelling
x is almost binary on most of the contested plateau, with values very close to 1 near
one seed, and close to 0 near the other. However a random walker placed close to the
boundary between the two interpenetrating object is approximately as likely to reach
either seed, and so the values of x in this area are close to 0.5. To find a separating
surface between the two objects, we can therefore consider the 0.5-isosurface on x. It
has the advantage of a more precise location, benefiting from sub-pixel accuracy.

3 Methodology

This section details the method by which the surface that separates two touching objects
in 3D can be accurately oriented. We describe our technique assuming a pair of touching
objects. Due to unavoidable partial volume effects, these two objects appear slightly
fused.

In this paper we present data from two sources: from simulations of Euclidean balls
(section 4), and from 3D images of experiments of a granular material. The simulation
directly produces a pair of contacting grains, whereas the images from experiments con-
tain several thousands of grains; experimental data are therefore segmented and labelled
using standard techniques in order to be able to extract pairs of grains.

Once a 3D image with two grains is obtained, one seed is identified inside each
grain. In the simulations we simply use the centre of the balls. Seeds are defined in
the experimental data segmenting grains from background. Seeds inside each grain are
then computed using standard morphological operators: the 3D Euclidean distance map
is calculated for the voxels describing the particles, and extended h-maxima of this map
are identified. This procedure identifies two small volumes inside each grain.

The power watershed is then computed using these two seeds: the result of this is
a map for each seeds describing the the probability of each voxel of belonging to one
or the other of these seeds. As explained above, the 0.5 isosurface is identified. In fact
is it sufficient for our application to the coordinates of a few points on this isosurface.
For this, we associate every voxel in the pair of object with the label to which they most
likely belong. This correspond to simply thresholding the probability map x∞ at 0.5.
Then we identify voxels with neighbours that have a different label to their own, i.e.
pairs of voxels that are on either side of the 0.5 isosurface. We then linearly interpolate
along the line segment joining the center of each of these pairs of voxels in order to
locate the 0.5 point with sub-pixel accuracy.

We record the list of these points and their coordinates and we finally fit a plane
through these points using Principal Component Analysis (PCA). The normal to this
plane is recorded as the orientation of the contact surface (or tangent) between the two
grains.
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For comparison, we followed a similar procedure with several standard watersheds,
namely the Meyer algorithm and the topological watershed. We also tried in one exper-
iment a proprietary algorithm and watershed cuts. In cases were the algorithm yields a
labeling with an inter-pixel separating surface , we took the midway point between pairs
of pixels with different labels as being part of the separating surface. In cases where the
algorithm yields a voxel-thick surface, we recorded the center of the voxels belonging
to the surface. In all cases we performed a PCA analysis on the resulting point cloud to
fit a plane and identified its normal as the orientation of the surface of contact between
the two touching objects.

(a) (b)

Fig. 2. Two touching balls. (a) shows the area of overlap in yellow and is close to a discrete disk.
(b) shows the voxels on either side of the 0.5-isosurface in blue or red. In yellow the location of
the interpixel 0.5-isosurface. All points are very close to being located on the same plane.

4 Testing on simulations

In order to test our contact orientation measurement procedure, a simulation of particles
with different orientations was performed. In this simulation two Euclidean balls of
radius 10 pixels are defined in a 3D image and are placed in a random orientations so
that their centres are 20 pixels apart (so that the balls are just touching). These balls are
pixelised as binary objects.

Balls are used in this case since they have the unique property that the vector con-
necting their centres (“branch vector”) has exactly the same orientation as the normal
to the contact surface between the balls, which gives a ground truth to which measured
orientations of the separation plane can be compared. Using the centres of the balls as
seeds, the balls are then segmented using the technique outlined in the previous section.
Fig. 2 shows the result of the segmentation and the computed location of some points
on the 0.5-isosurface defining the contact plane.

The computed orientation of the contact plane as an (x, y, z) unit vector between the
two balls can then be projected onto the unit z-positive half-sphere, since we cannot
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distinguish between either normals to the plane. To represent this projection, two num-
bers are sufficient, equivalent to a longitude and latitude. To represent these projections
on 2D paper, we used the well-known Lambert polar equal-area projection [13], which
is easy to compute. If orientations are identically and independently distributed on the
unit half-sphere, this projection will yield a point distribution on a disk indistinguish-
able from a 2D Poisson point process.However, in the case of this simulation, because
we can only readily simulate balls whose centers are located on a voxel, there is a finite
number of possible orientations, and so our simulation shows a discrete bias.

Indeed, Fig 3 (a) shows the ground truth of evenly-distributed orientations obtained
with a sufficient number of randomly places balls. Figure 3 (b) shows the orientations
of the separation planes obtained with a standard topological watershed. Although the
distribution of the orientations should be the same, it is clear that the topological wa-
tershed introduces some strong artefacts into the measured orientations, aligned at 45°
to the coordinate system. Figure 3 (c) shows the orientations of the separation planes
obtained with the Meyer algorithm, in which the definition of the delimition between
the two particles is interpixel. This appears to improve the isotropy of the distribution
of orientations, which however remains very artefacted.

Figure 3 d) shows the distribution of orientations obtained with the measurement
of the orientation of the separation place with the power watershed approach described
above; it is obvious that the distribution of contact orientations obtained with this method
is much closer to the true value. We now try our method on real data.

5 Testing on real data

The experimental data in this work come from tomographic images acquired on me-
chanical experiments on small samples of sand. Samples are prepared by “pluviating”
the granular material into a cylindrical latex membrane measuring 22 mm height by 11
mm diameter. Sample are installed into a specifically-designed pressure cell; the cell is
then filled with water and pressurised. The cell allows the sample to be rotated while
it is imaged by x-rays – meaning that a 3D image of the sample can be obtained by
reconstruction. The sample can then be deformed axially, by advancing a piston under
displacement control (and measuring the reaction force), and re-imaged in-situ.

Previous work has shown that individual grain kinematics (displacements and ro-
tations) can be obtained by tracking them with the methods developed in [2]. Figure
4 shows the macroscopic stress reponse of the sample, and at the bottom shows two
vertical sections through the sample COEA01-GL (a sample of Caicos ooids, a very
rounded natural sand) in two different configurations. On the left the sample is under
isotropic compression, before axial deformation. On the right, the sample has under-
gone considerable deformation, has reached and passed the peak in axial strength and
has developed a shear band. In these images, the sub-selection of grains under study
are shown in black, and the rest of the grains in the sample are shown in grey. Particle
tracking has bee used to follow these grains from COEA01-GL-01 to COEA01-GL-17.

In order to fully characterise the micro-mechanical evolution of the granular mate-
rials images, contact orientations are required, however the orientations measured are
unusable due to strong artefacts introduced by the classical watershed used to segment
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(b) Topological watershed
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(c) Meyer algorithm
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(d) Power watershed

Fig. 3. Equal area projection of orientations of separation planes from simulated balls.

particles [1]; these are probably aggravated by the fact that contact areas are relatively
small in these images. A first test case will be performed on images coming from a
sample (labelled ABEA02) of glass beads, which are close to perfect balls. This allows
the same check to be performed as was done with the simulated balls: the branch vector
can be calculated, giving a precise measurement of the expected contact orientation.
Figure 5 a) shows the orientations of the branch vectors – which are distributed quite
isotropically. The contact orientations coming from the power watershed shown in 5
(c) are much closer to the distribution of the branch vectors even in these real images
– although around the ±x directions there appears to be some data missing. Overall
this approach allows a new level of precision to be obtained. This means that contact
orientations can be measured even without access to the branch vector.

Figure 6 shows the orientations that can be obtained with the technique presented
in this paper, in the two configurations shown in figure 4. Immediately observable is
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Fig. 4. Vertical cross sections from sample COEA01, oriented so as the contain the axis of the
sample as well as the normal to the shear band which can be seen on the right. These slices have
been taken along the x direction, (z is the vertical axis)

the much more uniform distribution of contact orientations, when compared to standard
techniques. Furthermore, a change in the distribution of orientations is visible between
the two granular configurations.

In order to make this distribution easier to study, the projected orientations are di-
vided into equal-area bins on the plane onto which they have been projected. The num-
ber of projected points that falls inside each bin is recorded, and bin totals are nor-
malised by the median bin value. In figure 7 the colourmap is centred on 1 such that
segments in white are those in which the median number of points has been counted,
red ones show ones where more that the median has been counted, and blue shows
where fewer than the median have been counted. This figure reveals that there is a
small amount preferential alignment of the orientations towards the cardinal directions
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(b) Power watershed

Fig. 5. Equal area projection of orientations of contact between grains in sample ABEA02.
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(a) COEA01-GL-01
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(b) COEA01-GL-17

Fig. 6. Orientations of contacts between grains in configurations COEA01-GL-01 and COEA01-
GL-17, as calculated using the power watershed.

(up, down, left, right, front, back), this is likely due to very small contact areas where
the orientation can only be poorly defined.

From a mechanical point of view, a clear evolution in the distribution of contacts is
visible: many contacts are gained in the x-direction and many are lost in the z-direction
between configurations COEA01-GL-01 and COEA01-GL-17. Recalling that the sub-
volume of grains on which this is calculated becomes part of the shear band that forms
(whose normal is approximately [-1,-1,0] ), this seems to indicate that grain-to-grain
contacts are lost in the direction of principal stress applied to the sample (along the
axis of compression). Contacts are grained in the direction in which the shear band is
advancing .
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6 Discussion and conclusion

In this article, we have proposed a new method based on power watershed (PW) to
compute the orientation vector of the contact plane between touching objects in 3D
micro-CT images. We rely on a number of assumptions, namely that the objects are
nearly convex, that as a result the contact area is unique and somewhat regularized by
partial volume effects. We consider touching objects in pairs using a method based on
the standard watershed part of PW, and we compute the separating plane assuming the
contact area is relatively small, using the random-walker part of PW. The contact plane
is estimated with sub-voxel precision by estimating the equal-probability isosurface
between the two objects. Due to the nature of the RW, we do not need to compute a
distance map inside the two objects.

We have compared this approach to various standard watersheds combined with a
Euclidean distance map. On simulated data, as well as physical bead and sand grains,
we have show that our results are nearly free of artifacts and show a very good isotropic
spread of measurements. Furthermore, we have been able to use this tool in a sand
compression test, that shows conclusively that as pressure is applied, contact orientation
anisotropy begins to develop in the sample.

This new technique paves the way towards a much more complete understanding of
the micro-mechanics of real granular materials, enabling experimental data acquired on
real granular media to be used in micro-mechanical models.
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