View metadata, citation and similar papers at core.ac.uk

-

P
brought to you by .. CORE

provided by HAL Université de Tours

HAL

archives-ouvertes

A METHODOLOGY TO SEGMENT X-RAY
TOMOGRAPHIC IMAGES OF MULTIPHASE
POROUS MEDIA: APPLICATION TO BUILDING
STONES.

Emmanuel Le Trong, Olivier Rozenbaum, Jean-Louis Rouet, Ary Bruand

» To cite this version:

Emmanuel Le Trong, Olivier Rozenbaum, Jean-Louis Rouet, Ary Bruand. A METHODOL-
OGY TO SEGMENT X-RAY TOMOGRAPHIC IMAGES OF MULTIPHASE POROUS ME-
DIA: APPLICATION TO BUILDING STONES.. 2008. <hal-00260435>

HAL Id: hal-00260435
https://hal.archives-ouvertes.fr /hal-00260435
Submitted on 4 Mar 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche frangais ou étrangers, des laboratoires
publics ou privés.


https://core.ac.uk/display/54027043?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://hal.archives-ouvertes.fr
https://hal.archives-ouvertes.fr/hal-00260435

A METHODOLOGY TO SEGMENT X-RAY
TOMOGRAPHIC IMAGES OF MULTIPHASE
POROUS MEDIA: APPLICATION TO
BUILDING STONES.

by

Emmanuel Le Trong, Olivier Rozenbaum, Jean-Louis Rouet
and Ary Bruand

Institut des Sciences de la Terre d’&xhs, UMR 6113 - CNRS/Universit
d’Orléans, 1a, rue de l&Follerie, 45071 OREANS Cedex 2

E-mail: manu@mixtion.org

Abbreviated running title: Segmentation of micro-tomographic images
Abbreviated authors: Le Trong & al.

Key words: alternate sequential filter, building stone
mathematical morphology, segmentation,
watershed, X-ray tomography



LE TRONGE et al.. Segmentation of micro-tomographic images

ABSTRACT

An image analysis technique based on mathematical morghatmls dedicated to
the segmentation of X-ray tomographic images of porous ansddresented in this arti-
cle. It consists in an efficient denoising using alternatpusatial filters and a watershed
operation using an original starting marker. The imageasgformed into a mosaic that
is straightforward to segment. An application to buildingnes of heritage monuments

illustrates the potentialities of this technique.
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INTRODUCTION

Exposed to their climatic environment, the building stooEseritage monuments are
often altered and eventually destroyed. This phenoment@dcaeathering is visible
throughout the world and many studies in this field, led witbth&ects and restorers,
aimed at finding processes to slowing down, controling amaitely avoiding this de-
cay (Amoroso and Fassina, 1983; Tiagtoal,, 2006; Torraca, 1976). A way to achieve
such a goal is to understand the weathering mechanisms lafifguistones, i.e. to
relate the microscopic mechanisms occurring at the poie ¢dessolution of minerals,
transport, precipitation, etc.) to their consequencefi@tmacro-scale (desquamation,
powdering, etc.) (Amoroso and Fassina, 1983; Camuffo, 198§;2002). Some studies
comparing weathered stones with unweathered stones wef@med. The chemical
and mineralogical composition, as well as the porosity veer@ysed (Rozenbauet al,,
2007; Maravelaki-Kalaitzaket al, 2002; Galaret al, 1999). The main processes of
weathering were thus qualitatively inferred from the diffieces identified. However, a
more guantitative understanding of these weathering nmésima (fluid flow, dissolution,
mass transport, crystallization) and their consequersés simulate them via a com-
puterized model. This requires in turn a quantitative,istial description of the three
dimensional structure of the porous medium (Dullien, 199&er, 1992; Anguyet al,,
2001). Such a goal can be achieved with a promising and isicrglg developping tech-
nique: X-ray tomography. Tomography designates the getechnique of constructing
a 3-d image of a sample given several projections recordedratus angles (Kak and
Slaney, 2001). It is a non-invasive method that enables ikgalization of the inner
structure of the stone. By using a X-ray light source, theltegu3-d grey level image is
a map of the X-ray absorption coefficient of the various phasmstituting the sample.
The synchrotron X-ray radiation source, compared to theersonventional X-ray tube,
brings several crucial advantages such as beam stabilifly, flux, monochromaticity,
high coherence and parallelism of the beam, that lead toduglity and high resolution

images. It is a key technology enabling to measure accyr#telinner structure of a
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material.

However the segmentation of a raw tomographic image is seladrivial process,
highly dependent on the starting image and the objects ta@drom it. Segmentation
is the process of partitioning billions of grey-level voxealf a 3-d image into distinct
objects or phases. The goal, in the context of building stowél be to separate the void
phase (here actually filled with resin) from some distindidsphases (two for the stone
under study). Most of the segmentation complexity is reldtethe presence of noise
(voxels with the same grey value can actually belong to tvWiiemint phases) and blur
(the borders between the phases are not well defined). Merebgcause the images
are big and three-dimensional, the analysis cannot be dphard (e.g. by marking the
objects of interests) and must be as automated as possii@enain techniques found in

the literature are:

- Thresholding the grey levels histogram, with (Kaesttel., 2006) or without (Ap-
poloniet al,, 2007) a former filtering, with automatically (Sezgin anchigar, 2004)
or manually (Appolonet al., 2007) determined thresholds. The thresholded images
sometimes have to undergo a binary post-treatment to aiffjgstesults of these
approaches. It is most of the time a reconstruction of thenected components
of interest (du Roscoatt al, 2005; Lamberet al, 2005; Kaestneet al., 2006;
Erdogaret al., 2006).

—  Active contours on the image considered as a level set (RaamdlRing, 2007;
Chung and kin Ho, 2000; Maksimovat al., 2000; Qatarnelet al, 2001). These
techniques are mostly used in medical applications andlyseguire a marking

of the objects to be extracted.

—  Watershed-based techniques (Videtaal., 2007; Malcolmet al, 2007; Benouali
et al, 2005; Carminatet al,, 2006).

- Combined techniques, e.g. (Sheppatal., 2004).
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The segmentation step of the images of the stone under sthabh falls in the third
above category, is the subject of this contribution. It wé&lshown that the characteristics
of these images lead toward a sophisticated de-noisingnigpod based on a watershed
mosaic-like operator (Beucher, 1990), using a carefullyartdmatically chosen marker.
Following this introduction, section 2 presents the stosedun this study that serves as
model stone, the sample preparation, and the images otdtamthe ID-19 tomographic
beamline at the ESRF (Grenoble, France). Section 3 detailstfige analysis procedure,
based on mathematical morphology tools, used to segmemintges. It also presents

some preliminary results. Section 4 concludes this camioh.

X-RAY MICRO-TOMOGRAPHY OF TUFFEAU SAM-

PLE

«— insert Fig. 1
— insert Fig. 2
Most heritage monuments (@teaux, churches, cathedrals or houses) constituting the

cultural heritage of the Loire valley, that is registeredhe World Heritage list of the
UNESCO (UNESCO, ????), are made with tuffeau, a highly poimestone (porosity
~ 45%) originating from this valley. Previous studies (DesBar, 1995; Brunet-Imbault,
1999; Rozenbauret al,, 2007) showed that minarals are essentially sparitic€lgrgins)
or micritic (small grains) calcitex50%), silica &45%) in the form of opal cristobalite-
tridymite spheres and quartz crystals, and some secondasraits such as clays and
micas in much smaller proportion (a few %). The scanningtedaanicroscopic (SEM)

image in figure 1 illustrates the structural complexity af thain phases of tuffeau.

X-ray tomography (Kak and Slaney, 2001) is a choice teclgywlm extract the
structure of samples of various porous materials: rocksdguist and Venkatarangan,
1999; Shepparet al, 2004; Appoloniet al, 2007; Betsoret al., 2004; 2005; Videla
etal, 2007), cements and ceramics (Erdoggal., 2006; Maireet al., 2007), soils (Gryze
et al, 2006; Carminatet al, 2006) and others (Jonesal., 2004; Mendozat al., 2007;

du Roscoatt al., 2005; Prodanotiet al,, 2005). The objective is usually to characterize

4/23



LE TRONGE et al.. Segmentation of micro-tomographic images

the medium or to simulate some physical processes in atiegeometry. Our ultimate
objective pertain to both categories. The typical sizeshefgstructural components of
tuffeau relevant to fluid flow, like micritic calcite graina {few m in size) and opal spheres
(10 to 20 m in size), suggest the use of a high resolution teapyy which leads toward
synchrotron radiation facilities. However the smallestigtiures such as those related to
the opal spheres roughness or phyllosilicates will not leesgible as their size is far

below the best resolution any X-ray tomographic facilitp exhieve nowadays.

The microtomographic images presented in this study welleated at the ID-19
beamline of the ESRF (European Synchrotron Radiation Fga€ditenoble, France) (Salvo
et al, 2003; Barucheét al,, 2006) at the smallest possible pixel size: 0.28 m. The gnerg
used was 14.7 keV and 1500 successive rotations of the sampksponding to 1500
angular positions ranging between 0 and 180 were acquirdideblyReLoN camera with
2048x 2048 pixels image size. In order to stay in the field of viewls tetector and
avoid supplementary artifacts, the samples have to me&ssge¢han 700 m in diameter.
They were prepared as cylindrical cores of that diametemaerd mounted on a vertical
rotator on a goniometric cradle. Preparation of a tuffeana of such a size requires
particular care. Samples were impregnated with a resinderaio make a 700 m thin
section. This latter was cut into matches of square sectidrfiaally trimmed to obtain
quasi-cylinders of diameter 700m. Imaging time was approximately 45 minutes and
the 2048 horizontal slices (0.28 m thick) were reconstdiftem the projections with a
dedicated filtered back-projection algorithm. The outpaftshe tomographic process
are then images of 20482048x 2048 voxels with 256 level grey level values (one
uncompressed image is then 8 GB in size). The grey level vaflevoxel is linked
to the X-ray absorption of the sample at the voxel positiorr{Baelet al, 2000). Thus,
the pores appear in dark grey, the silica compounds in medjtey and the calcite
compounds in light grey in figure 2. The different phases al distinguishible to
the naked-eye and it is clear that the sample size is suffieratch the wide scale range
of the different structural components. Calcite is preserthe form of large irregular

grains (sparitic calcite) or small grains that look likemole (micritic calcite). Silica has
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the form of large quartz crystals or small spheres of opal.

Hence it is not possible to rely on some shape or size criteridentify the phases
and only the grey level is relevant. The problem is althouagiking smooth naked eye,
the images are in fact noisy as shown in figure 3-(a). Thisenmsdomly affects the
grey value of the voxels, preventing to label them solelyrftbeir grey values. In other
words a mere threshold on such an image would yield a blgtartbrrect result. This
noise effect is also visible on the image histogram: it is sthed (see the histogram of
the original image in figure 4). Theoretically, a perfect gaaof tuffeau (without noise)
would contain only voxels with three precise grey valueg, fam each phase (resin, silica,
calcite). Its histogram would then consist of only threekseat these values. On the
other hand, the voxel values of a noisy (i.e. real) image aneomly disrupted, given
then intermediate values. The histogram is then smoothddhemnpeaks corresponding
to the three phases are difficult to separate. Since it canreh on the grey level to
distinguish the phases, the segmentation technique willalg consist in an efficient
denoising of the images: enough noise must be removed ttifidéme phases, without
blurring wich leads to loosing the small structures of thag®s (e.g. micritic calcite).
Some basic smoothing filters (e.g. a mean filter) have beemdfonable to fulfil both

these requirements, hence the idea to turn towards mormphkaldools.

IMAGES TREATMENT METHOD

The problematic is then to segment the images, i.e. to lawél eoxel as belonging to
one of the three main phases: calcite, silica or resin. Iera@achieve a quantitative and
controlled segmentation, some assumptions will be madaeimntages and then, on this
basis, a suitable segmentation approach will be proposisch more reliable method than
just do some trial-and-error until an acceptable, yet vehjective result emerges. The
theoretical framework of the method presented in this p&gser on mathematical mor-

phology. Mathematical morphology is a set-oriented imaggysis theory formulated
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in the first place by Matheron and Serra (Matheron, 1975;a854:1982; 1988). Rather
than starting within the euclidian (continuous) space tidoiools such as convolution
or fourier analysis that are then discretised on the digjtad, the components of an
image are considered as sets on which basic transformatrenspplied using a probe,
called the structuring element (erosion, dilation), anoidgsic operations (reconstruction,
watershed). An exhaustive explanation of these concefés seyond the scope of this
contribution, the reader should refer to the classicabiaoks (Serra, 1982; 1988) for an

in-depth presentation of this theory and its wide applarafield.

PRESENTATION OF THE METHOD

The most efficient and widely used tool for segmentationisfikbld is the watershed
transform applyed to the gradient of the image (Beucher amdulegoul, 1979; Vincent
and Soille, 1991), which contains the information aboutlibeders of the objects in the
original image. Given some markers, that shall be a substteofocal minima of the
gradient (see below), the watershed transform identifiesztines of influence (in the
sense of catchment basins) of each marker. The result isamatage of zones, one per
marker, whose borders lie on the higher values of the gradien on the borders of the
image objects. However the major problem brought by thidwts over-segmentation.
A noisy image has a noisy gradient and, by using all the locaima of the gradient as
markers, too many zones are created, most of them beingvam. One typical answer
to this issue is to filter either the starting image or the gmaidimage with an alternate
sequential filter (ASF), i.e. a sequence of opening andrdpsith a family of structuring
elements of increasing size (Serra, 1982). On the one hétedniy the gradient image is
difficult to justify: it might lead to the loss of actual bomdebetween the phases without
control. On the other hand, using an ASF on the starting imageces the noise without
blurring but has two main undesirable side effects: (i) &tdeys all the structures of the
image smaller than the last structuring element used in teeg; f{ii) it creates a lot of
flat zones in the image (a connected set of voxels with the gaayelevel), wich in turn

lead to a lot of zero-valued gradient zones, increasing timeber of local minima of the
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gradient and hence an over-segmentation.

This last problem is solved by making the following assumutiin each phase, each
connected component to extract contains at least one lanahaor local maxima. This
local extrema might come from a residue of noise or be a reaéma (e.g. a small
connected pore would induce a local minima; a small grainatéite would induce a
local maxima). As the filtered image contains a lot of flat Z)rlkeese extrema are almost
always flat, i.e. correspond to a local minima of the gradi@he original idea presented
here is to use as starting markers for the watershed opetagantersection of the local

minima of the gradient with the local extrema of the filterswge. — insert Fig. 3

MATHEMATICAL DEVELOPMENT

A 3-d imagef is considered as a setNfx N x N voxels,N € N, on a cubic grid with

26-neighboring, each having an integer value (its grey)eirethe rang€0, 255.

f= {Vijk}7 Vijk € [072537 (Iv Jvk) € [07 N] (1)

The image is here considered cubic for the sake of simpliE&ch voxel can be located

in the image with a unique triplet of numbers (coordinates).

f(X)ZVijk, X:{|717k} (2)

On a grey level image, the erosienand the dilationd by a structuring elemer are

defined at every point by

&(f)(x) = Vv{f(x-y),yeB(X)} (3)
eg(f)(x) = A{f(x—y), —~yeB(X)} (4)

whereV if the supremum (or maximum) operator andhe infimum (minimum) operator

andB(x) is the structuring element centered at poinThe openingy and closingp are
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defined by the adjunctions

¢ = OpeB (5)
8 = &BdB (6)

As the family of structuring elements, digital baBg, with radiusA, are used
Ba(X) ={y, d(x,y) <A}, A €N ()

whered(x,y) is the euclidian distance between the digital pointmdy. (Note that on
the cubic digital grid with 26-neighbors for each voxds,if a cube of 3 voxels side.)
The operation of sequential alternate filtering are brouglbA = 3, yielding the filtered
imageh

h= yBs¢Bgsz¢BzyBl¢Bl<f)- (8)

The intermediate steps and the result of this filtering dpmraare shown in figure 3-(a)

to (d).

An ASF up to a structuring element of sireremoves the noise with characteristic
length smaller than but, as a counter part, destroys any component of the imagkesm
than that size. Hence the more the ASF is pushed towardsrsggs, the more the image
is denoised but the more structural components of the imagkst. A compromise has
to be done. One crucial advantage of such a morphological islthe knowledge of what
kind of structure is lost: everything smaller than the dindag element. In this particular
approach, everything bigger than a ball with a diameter obxels is kept (which is
the typical size of micritic calcite grains). An ASF up to aatar structuring element

appeared to leave too much noise.

With the filtered imagen the marker image is contructed as the intersection of the
local extrema of the image with the local minima of the gratieThe morphological

gradientg of the filtered image is obtained in the following way

9= %8, (h) — &g, (h). (9)
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The marker is then

m = (max(h) vV min(h)) Amin(g) (10)

where the function min is defined for every voxel of the imageeationx by

_ 255 if h(x) belongs to a local minimum
min(h)(x) = (11)
0 otherwise
with an equivalent definition for max. A local minimum (resmaximum) is a set of
connected voxels (possibly one single voxel) that has nghfeir with a strictly lower
(resp. higher) value. Note that because the min and maxifunscteturn binary im-

ages, the supremum and infimum in equation 10 are equivaemtion and intersection

respectively.

The markem has non-zero values only at some selected gradient locah@jiit can

be used to start a watershed invasion of the gradient image

w = watershe¢g, m) (12)

The watershed identifies the zones of influence (catchmem)oaf each minima in the
gradient image marked with an extrema in the filtered imaggirg the process, when
such a zone is identified, the mean value of the imlagever this zone is computed
and affected to all the pixels belonging to this zone in theulttng imagew. As a
result a mosaic of flat zones is obtained which is much simpign the starting image
as illustrated in figure 3 (Beucher, 1990). Using the histog(agure 4) the threshold
levels are easily identified (as the minimum values betwkeipeaks). The results of the
thresholding of the mosaic image are presented in figureabd& .
All the computations were conducted in 3-d with a self-deppkd G+ code. « insert Fig. 4
— insert Fig. 5

— insert Fig. 6
— insert Fig. 7
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CONCLUSION

In this contribution an efficient technique enabling to deacand to segment X-
ray tomographic images of porous media stones was presantedpplied to building
stone. It allows a very strong noise removal without blugriat the price of losing the
smaller structural components of the image. This loss isevewcontrolled: the size
of the structuring element of the last ASF step gives the sfabie smallest structural
components kept. As the method makes no a priori strong gggamabout the images to
segment, it should then be easily generalized to tomograptaiges of various materials

and even to images from other imaging techniques.

The perspectives of this work are now to perform the geowcsdtand topological
analysis of each identified phase and simulate fluid and massgort in order to charac-

terize the weathering effects of building stones.
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Fig. 1: SEM image of a tuffeau sample with (a) sparitic calcite (laggains), (b) micritic
calcite (small grains of a few m), (c) opal spheres of 10 to 2diameter.
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Fig. 2: One slice extracted from a 3-d tomographic image of a tuffeample. The
image is2048x 2048pixels, pixel size i9.28m (the radius of the sample 4600m) with
(a) resin, (b) silica (opal sphere), (c) air bubble in theiregcaused by the impregnation
process), (d) silica (quartz crystal), (e) calcite and (fiyfiosilicate. The rectangle marks
the location of the zoomed image that appears in figure 3-(a).
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Fig. 3: lllustration of the image processing. In the left column a 2o0om in the
sample (white rectangle in figure 2) undergoes the imagerreat. The images are
300x 200 pixels with pixel siz€®.28m. In the right column, a line of the zoomed image
(noted in red in the left column) is plotted (pixel coordi@an abscissa, grey level in
ordinate). From top to bottom: (a) the original image; (bjafstep 1 of the ASF; (c) after
step 2, (d) after step 3, (e) after the computation of the msosbBhe histograms of the
whole 3-d image at each steps are visible on figure 4. The ASiAgikemoves the noise
in the image without blurring the borders between the phashks. Watershed operation
flattens more the image, yielding a very simple image to kiules
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Fig. 4: Evolution of the histogram of 4024x 1024x 1024 voxels image during the
image processing. The starting image is visible on figureOgiginal is the histogram
of the original images (figure 3-(a)ASF after the ASF (figure 3-(d)) anilosaicafter
the watershed (figure 3-(e)). In the starting image, the npireeludes any thresholding,
the peaks are not distinguishible. The ASF makes them begsibie, the watershed
operation provides an increased clean-up of the image,ltieguin the last histogram
where the threshold levels are straightforward.
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AT e

Fig. 5: lllustration of the segmentation. In the left column two 2edrns 800 x 200
pixels) of the 3-d sample before image treatment. In thet kghlumn the thresholding of
the mosaic, with levels selected using its histogram (minmimaalues between the three
peaks); in black the porosity, in blue the silica, in yelldve tcalcite. In the top row, the
image of figure 3, below a zone containing micritic calcitenisTlast example clearly
shows that the smaller structures of the micritic calcite bst, because of the ASF.
However, some small zones appear in this image. It is due ttatii¢hat the treatment
of the image is fully 3-d while only a 2-d sample is here presgnThese are small 2-d
traces of a bigger 3-d structure.

21/23



LE TRONGE et al.. Segmentation of micro-tomographic images FIGURES

Fig. 6: 3-d illustration of the segmentation process: original gea The image 18024 x
1024x 1024voxels. The segmented image is in figure 7.
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Fig. 7: 3-d illustration of the segmentation process: segmentesiom of the image in
figure 6.

23/23



