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ABSTRACT

Diesel particulate filters (DPF) must be periodically regenerated by increasing temperature, typically when a soot
load of several grams per liter is deposited. In the recent years, efforts to link structural properties of soot and reactivity
have been done to improve DPF regeneration. HRTEM is often used to visualize the soot nanostructure and [1] recently
proposed an accurate image analysis method to quantify carbon nanostructure. Our approach is quite similar proposing
another noise reduction filter, a completely automatic method of segmentation, a new quantitative characterization not
dependent on skeleton calculation method, and a new characterization based on distance between carbon fringes with

discrimination between aligned and parallel fringes.
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INTRODUCTION

Diesel particulate matter (DPM) emissions have
a significant impact on global climate change by
strong absorption of solar radiation in the
atmosphere, and on health by penetrating through the
human respiratory system. Therefore, DPM
emissions are limited since the advent of emission
standards for diesel engines in 1993, which have led
to generalization of diesel particulate filters (DPF).
The exhaust gas is thus forced through porous
ceramic channels walls, wherein the particulates are
trapped. To avoid increasing fuel consumption and
clogging, the DPF must be periodically regenerated
by increasing temperature, typically when a soot
load of several grams per liter is deposited. In the
recent years, efforts to link the chemical, physical
and structural properties with the reactivity have
been done in order to improve DPF regeneration.
High-resolution transmission electron microscopy
(HRTEM) is often used to visualize the soot
nanostructure but image analysis method to correlate
the soot reactivity with the soot nanostructure is
always under development. As in [1], we propose
image segmentation and analysis method for this
type of images. We interest in segmentation and
analysis of carbon fringes. These methods can be

used to compare several types of soot particles (cf.
Figure 1) coming from different combustion modes
(i.e. HCCI) or fuels (i.e. biodiesel). The resolution of
the image is 0.035nm.pixel™* and intensity is stored
in 8 bits format.

SEGMENTATION

Noise reduction

HRTEM images contain electronic noise. As
in [2], this noise can be reduced by means of a
filter bilateral [3] reducing the noise with very low



impact on strong transitions here corresponding to
carbon fringes (cf. Fig. 3). It combines a spatial
filter with a filter based on intensity differences.
For an image | with spatial support D, the result O
of the filter in a voxel x is given by:
1
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A right choice for f and g is Tukey bi-square
function which is statistically more robust to noise
than common slow extinction functions as

Gaussian function for instance [4]:
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For g, the expression is the same with
parameter 65. We use o=1A and 64=30.

Diffraction artifacts removal

Diffraction artifacts (thick white stripes) are
localized at the edges of carbon fringes. As in [2],
an opening by reconstruction with a disc can be
used to remove them [5] (cf. Fig. 3). Assuming O
is the result image and | the initial image, we have:

0= ereC(gl.S(l))
with €;5(1) morphological erosion with a disc of
diameter 1.5A and y%..(B) opening by
reconstruction of B in A.

Carbon fringes extraction

For a bright field TEM image, the intensity of
a pixel depends on the atomic composition of the
observed element and on the local density [6].
Soot’s samples containing only carbon, pixels’
intensity depends only of the local density of
carbon (the higher density, the lower intensity).
Carbon fringes consisting of organized carbon
atoms are more dense than carbon atoms in
amorphous from. Carbon fringes oriented with the
same axis as the electron beam appears in the
image with very low intensity depending on local
thickness of the sample. The carbon fringes

extraction can be performed by means of an
operator that can extract objects darker than its
immediate neighbourhood. We propose to use a
Black Top Hat operator [5] with a disc as
structuring element (cf. Fig. 3). The diameter of
the disc should be a little larger than the higher
carbon fringes’ thickness (in the present case,
2.5A). The segmentation threshold s, of the
residue of the opening is estimated by maximizing
the interclass variance [7]. Assuming O is the
result image and | the initial image, we have:
O(x)=I"(x) | I’(x)>so With I’=I- y,5 (1)

ANALYSIS

End points extraction

For characterize carbon fringes, we need to
know for each fringe the positions of the two end
points (i.e. the two farthest points, in the geodesic
point of view, contained into the fringe). These
points can be extracted from binary image by
means of constrained distance map propagated
from markers. For distance map, we use an
algorithm from [8] ensuring fast execution by the
use of hierarchical queue. It includes a sort of
tagged pixels to exclude obsolete distances and
avoiding duplication of the calculation of local
distances. We denote da(l) the constrained
distance map in | from markers A.

From a set p of points taken randomly in each
fringe (one point by fringe), fringes corresponding
to connected component C,[I] of I, the first set of
end points p; is given by (cf. Fig. 2):

P, =X‘ng%3<dp(l)

The second set of end points p, is obtained
from p; (cf. Fig. 2):

P, =X‘rgfg@<dpl(l)

With this method, there may be several pairs
of end points in a single object (as a rectangle, for
instance). However, it is very unusual to find this
morphology of fringe in practice.



Using the two end points and watershed
operator, positions of pseudo centroid c' of fringe i
can be calculated by (cf. Fig. 2):
¢ =Xx =W, (p, up, ). x  C,[1]with dpp = d, (p, Lp,)
andX barycenter of set of points x.

Figure 2: from left to right, and top to bottom: one carbon fringe;
random point (red point) and constrained distance propagation from
this point: the maximum of the distance gives the first end point (in
blue); constrained distance propagation from the first end point: the

maximum of the distance gives the second end point (in green);

constrained distance propagation from the two end points and
watershed line (in yellow): the barycenter of points on watershed line
gives the pseudo centroid (in purple).

Fringes morphology characterization

Geodesic length Igi of fringe i is obtained
from constrained distance map dp:(I) at points p,.
Tortuosity of fringe i is given by the ratio between
l, and Euclidean distance between p,' and p,'. An
estimation of mean thickness of a fringe i is given
by its surface area divide by Ig‘.

Cleaning

Carbon fringes cut by the limited field of
view are removed by a border kill operator [5].
Assuming O the result image, | the initial image,
C,[1] connected components of I, and B border of
I, we have:

O=C,[I] | C{[I]NB+# B.

Assuming that carbon fringes with very short
geodesic length (<1.5A) are irrelevant for further
analysis. These carbon fringes can be removed by
on opening by criteria [9] using geodesic length |
as criteria. Assuming O the result image, | the
initial image, C,[1] connected components of I,
and I(X) geodesic length of set X, we have:

O=yi()=C,[1] | I(Cx[1])>1.5A,
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Figure 3: from left o right, and top to bottom: initial image; bilateral
filter; diffraction artifacts removal; carbon fringes segmentation;
cleaning; distance between fringes (watershed in white and distance
in color gradient).

Distance between carbon fringes

Consider a map of the closest neighbors [10]
obtained by this way: from a classical distance
map, each pixel receiving a local distance is
assigned with the coordinates of the source point
from which the distance is propagating from. The
exact Euclidean distance can be determinate by
calculation of Euclidean distance between each
pixel and its nearest source point. We denote the
map of nearest neighbors of | from A na(l), and the
corresponding Euclidean distance d’a(l). If we
want to compute distance only with carbon fringes
complying a criterion K (such as geodesic length),
we can use distance calculation and opening by
criteria K. We can define the distance d’;j between
fringes i, j visible from each other by (cf. Fig. 3):



d;=mind", (1°\x)[C,[1]and C[1]satify K,
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with I complementary image of I, V, immediate
neighboring pixels at point x, W4(B) watershed from
markers B on topological function A.

Aligned or parallel carbon fringes

discrimination

Using for each carbon fringe i, end points p,'
and pzi, pseudo centroid ¢' and distance between
fringes, carbon fringes can be discriminated
between aligned and parallel fringes. We can
model fringes as set of two segments (p;,c) and
(c,p,) (cf. Fig. 4). For two fringes i and j visible for
each other, i.e. d’j j#00, we can compute four pairs
of angles:

B Ci i. pl B ! j. jCj
cos 1 : Pa pa'pb' andcos 1 p'ap'b pb' '
Hc'p; p.P: P.Ps|[IPaC’

with a=1 or 2 and b=1 or 2.

If the two angles of one of these pairs are
lower to an angular tolerance o, then we can
consider that the two fringes i and j are aligned.

Figure 4: left, two carbon fringes. Right, fringes are modeled with
segments (in green) between end points (red points) and pseudo
centroids (purple points) to discriminate aligned and parallel fringes.

CONCLUSION

We  presented an  accurate  image
segmentation and analysis procedure to
characterize carbon fringes of soot on HRTEM
images. We proposed denoising and automatic
segmentation methods. The proposed
characterization method not depends on a
skeletonization procedure as in [1]. Moreover, a
new characterization method on distance between

carbon fringes with discrimination between
aligned and parallel fringes is presented. In a
future work, some results will be presented on
specific soot [11].
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