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ABSTRACT: This paper presents a methodology for quantifying color alteration of dimensions stones as
caused by weathering using digital image analysis. Specific imaging methods are suggested for color calibra-
tion and geometric repositioning and practical solutions are provided in order to account for spatio-temporal
drift and optical aberration. The procedure consists in grabbing and comparing images of polished granite
flagstones before and after accelerated ageing tests. This method is non-destructive, allowing pre-weathering
and post-weathering image acquisition on the same sample after repositioning with an accuracy of 0.4 milli-
meters. Color alteration is computed using a Euclidean distance in a (pseudo)-L*a*b* color space. The results
of a practical study on three selected granites are presented and discussed.

1 INTRODUCTION

The aim of this paper is to propose technical solu-
tions and analytic methods for monitoring the color
decay caused by weathering using digital image
analysis. The mineralogy of three selected granites is
first briefly described, followed by an overview of
the complete testing protocol. The two main sections
develop the calibration procedure for the imaging
system and the image analysis methodology. Finally,
the most significant results are presented and com-
mented. A brief discussion about potential exten-
sions of the proposed techniques and its limitations
conclude the subject.

The quantitative description of the behavior of
ornamental stones submitted to natural or artificial
weathering is a crucial challenge not only scientific
but also economic. This is indeed one of the most
important characteristics of these materials, deter-
mining their field of use in the building market.
Mineralogical or geochemical mechanisms of rock
alteration have been widely studied (Delvigne 1998).
Some works have been performed trying to quantify
the degradation of mechanical and physical proper-
ties (De Cleene 1995), but very little information is
available about the aesthetic alteration of stones after
weathering. However, from the consumer’s point of
view, this aesthetic point of view is probably the
most important one. For example, any deviation,
even slight, in the predominant color of adjacent
tiles in a paving badly affects the aesthetic of the
work as a whole by emphasizing the color disconti-
nuity induced by the cement joints.

Of course, standard colorimeters or spectropho-
tometers are available for quantitative measurements
of color. But both devices integrate very limited
fields of investigation (typically = 1cm?). They are
thus largely irrelevant for monitoring color varia-
tions in textured materials like granites.

The idea of using digital image analysis to charac-
terize or control the quality of ornamental stones
(Muge et al. 1997) or ceramics (Baldrich et al. 1999)
is not a revolutionary idea. For the last five years
various consortiums have been managing ambitious
research programs at European level with the aim of
integrating automatic inspection systems for ceramic
tiles (Maccari 1998, Donia 2000). This recent inter-
est for quantitative color quality control by digital
video camera confirms the potentiality of the tech-
nique and reflects the need for an accurate and ob-
jective tool to control the visual aspect of tiles in the
stone industry.

The present work tries to go one step further by
integrating color image analysis into a wider time-
scale, which leads to the notions of color alteration
and color durability. The testing methods presented
here are first available in laboratory but could be ex-
tended, with some limitations, to "in situ" paving on
facades and to natural outcrops of stones.



2 MATERIALS AND METHODS

2.1 Selection of granites

For this study, three granites have been selected es-
pecially according to their high propensity to chro-
matic alteration (Elsen 1996). Table 1 presents the
names, nature, origin and mineralogy of the granites.

Table 1. Name, origin and mineralogy of the selected granites.
Albite (Ab), Microcline (Mc), Quartz (Qz), Biotite (Bt), Horn-
blende (Hb), Kaolinite (K1), Chlorite (Cl).

Name Nature Origin Mineralogy
Princ. | Second. Access.
Tarn Granite France Ab Kl
Mc Cl
Qz
Bt
Azul Gneiss Brazil Ab Bt K1
Paveno Mc
Qz
Baltic | Wiborgite | Finland | Ab Bt
Brown | (granite) Mc Hb
Qz

Three polished flags (300 mm x 300 mm) of each
granite have been sampled and submitted to the
analysis procedure. The tiles have been randomly se-
lected among a daily production of the quarries.

2.2 General testing protocol.

For future normative tasks one has defined a rigor-
ous protocol of test having a care for generality and
reliability. Each fresh sample is first imaged and its
initial color statistics are computed and stored. The
tiles are then submitted to defined accelerated ageing
tests. After precise repositioning under the imaging
system, a second color image is acquired from which
final color statistics are extracted. The color altera-
tion is computed from a pixel to pixel comparison of
the pre-weathering and post-weathering images.

2.3 Accelerated ageing tests

The ageing chamber used 1s a KSE-300 designed for
the realization of corrosion tests following the
DIN50017 and DIN 50018 norms (DIN 1982, 1997)
and for alternating condensation controls.

The following normalized tests have been per-

formed:

1. Acid test (two samples of each granite): 21 days
at 20°C in a SO2 saturated atmosphere.

2. Water and heat test (one sample of each gran-
ite): 21 heating cycles during 20 hours in a ven-
tilated drying-room at 105°C followed by 4
hours in a water bath at 20°C.

These tests have been chosen for two main reasons:

First, Elsen (1996) observed some visually signifi-

cant color changes in the same granites submitted to

the acid test. Second, both tests are using oxidant
atmospheres suitable for modeling the urban envi-

ronment to which external wall covering tiles could
be submitted during their life.

2.4 Imaging devices.

A specific acquisition system has been designed tak-
ing into account the optical properties of the ob-
served samples. The three main characteristics of
polished granite tiles are:

- macroscopic dimensions (300 mm by 300 mm),

- high reflectivity

- textured color

These properties induce technical constraints on
the imaging system (Lebrun et al. 1999) which needs
to capture diffuse reflectance from a daylight source
while maintaining a stable response in time. In prac-
tice, the final solution adopted for this study is an
imaging chamber equipped with high frequency
“daylight” fluorescent tubes, diffusing walls and a
high resolution black and white CCD sensor fitted
with a filter wheel bearing red, green and blue gela-
tin filters.

3 IMAGE CALIBRATION AND ANALYSIS.

Like for any other scientific instrument, each step of
the image acquisition with a CCD-camera has to be
controlled and calibrated. The lighting system, the
optics and the electronic devices all induce noise and
color deviations that must be checked for stability
and uniformity of response through time and space.

3.1 Corrections for temporal noise and drift.

A low frequency drift of the video signal with time
is due to a progressive heating up of the CCD sensor.
In order to minimize this, it is recommended to
switch on the camera for about one to two hours be-
fore operating (Pirard et al. 1999).

A high frequency component in the signal varia-
tion with time is due to both electronic and thermal
noise (Holst 1998). Such noise can reasonably be fil-
tered by time-averaging a sequence of sixteen im-
ages.

3.2 Corrections for spatial noise and drift

Even with an almost ideal acquisition system, non-
uniform illumination and optical aberrations will in-
duce a low frequency drift across the field of view.

This can be corrected for by taking two reference
images : - the first one is a “black noise” image ob-
tained by grabbing a picture from the camera when
preventing any light to hit the sensor; - the second
one is a “white reference” image obtained by pictur-
ing a surface sprayed with barium sulfate or alterna-
tively a plate of glossy white high density polyethyl-



ene (PEHD) under exactly the same imaging condi-
tions as those used for the whole study.

From both the black and white reference images it is
possible to achieve a numerical gain and offset ad-
justment of each individual pixel so as to obtain a
perfectly homogeneous response from a mineral no
matter where it lies in the scene (Pirard et al. 1999).

3.3 Color calibration

Each optical component of the acquisition device in-
duces deviation of the output red green and blue
channel compared to the intrinsic color of the ob-
served material. These errors can be numerically cor-
rected by calibrating the system with standardized
color charts. Various solutions are available to per-
form this calibration (Connolly & Leung 1995;
Chang & Reid 1996; Marszalec & Pietikdinen 1997).
The common goal is to compute the transfer-matrix
of the imaging tool, which converts the device de-
pendant color channels (RGB) into a calibrated color
system like CIE-RGB or CIE-L*a*b*.

In this study, the main objective is to quantify
relative shade differences rather than absolute color
values. It is thus possible to work directly with the
output R, G and B value given by the camera. Never-
theless, an original procedure is used to optimize the
color rendering of the system and to ensure its reli-
ability. Each image is acquired with a standard grey
scale (Kodak Q-14) present in the scene. The inte-
gration time, the gain and the offset of each channel
are tuned individually in order to obtain identical
mean intensities in the grey patches of the scale. Al-
though the obtained color co-ordinates remain de-
vice dependant, this calibration ensures the reliabil-
ity of the relative color deviation measure, as the
same device is used for both the pre-weathering and
post-weathering acquisition steps.

3.4 Positioning calibration.

In order to achieve precise repositioning of the tile
under the image acquisition system after having suf-
fered the ageing test, it is necessary to stick three
targets on each tile. These spatio-referenced targets
allow combining images of fresh and altered tiles
with a spatial accuracy of a single pixel (0.4 mm).
The image grabbing geometry is kept identical dur-
ing both acquisition phases (the system being locked
during the ageing tests). In this manner, the images
are affected in exactly the same way by eventual lens
distortion.

3.5 HSL global statistics

Global color deviations are measured on entire tiles
in the hue-saturation-intensity space, HSI (Gonzalez
& Woods, 1992). This is a bi-conical color space, di-
rectly deduced from RGB by linear transforms. Of

course, it is non-linear and device dependant, but it
presents the great advantage to be probably the most
intuitive manner of specifying color. The relative
pre- (IN) to post-(OUT) differences between average
values of each channel are computed as follows:

dX =2‘ iOut —iln (1)
XOut +Xln

where X in denotes the global mean estimator of
the desired channel (H, S or I) in the input image.

These values are convenient for explaining global
color deviations, but they must not be considered as
quantitative measures of these changes. Even a
Euclidean distance in HSI space would not give such
an objective quantification as it is not a linear space
regarding to visual perception (Mac Adam, 1942).
Nevertheless, for the industrial transfer of the meth-
odology, the utilization of such a self-understanding
color decomposition might appear necessary.

3.6 L*a*b* local distances

In order to map the quantitative color variation un-
dergone by each pixel during the accelerated ageing
operation, one needs to use a perceptually linear
space like CIE L*a*b*. It is a uniform spherical
color space especially created by the CIE for color
difference computations. The transformation from R,
G, B channels to L*a*b* is non-linear. For the com-
plete description of the transfer equations, the reader
is referred to the CIE recommendations (CIE, 1986).

These relationships are only relevant for cali-
brated CIE-RGB values. Applying the same formu-
las to the device dependant red, green and blue
channels could make poor sense. Nevertheless, the
pseudo L*a*b* has been preferred here because it
will allow using the same method for CIE-L*a*b*
computation in future works with a calibrated CIE-
RGB input.

Once the L*a*b* co-ordinates are computed, the
difference between two measured colors is given by
the following relationship:

AE,, = (AL* +(aa*) + (ab*) vy

In the present application, AL*, Aa* and Ab* are
the pixel-to-pixel differences within each of the L*,
a* and b* channels before and after accelerated age-
ing tests. This resulting distance function is then
mapped into a new image in which the intensity of
each pixel is proportional to the computed L*a*b*
color distance.

The mean and maximum values of the distance
map give a more quantitative, but less intuitive, idea
of the global color deviation than the HSL statistics.

By choosing an appropriate threshold in the dis-
tance map, one can extract the most altered regions
in the tiles and compute some useful statistics on
them:

e Number of regions



e Relative cumulated area of all regions
e Average size of individual regions
e Mean color distance within a region
Figure 1 shows images from the sound and al-
tered selected granites, the corresponding color dis-
tance images and the binary images resulting from
the thresholding operation.

4 RESULTS
4.1 Macroscopic observations and mineralogy

The “water and heat” test did not cause any percep-
tive chromatic alteration. No significant color
change could be visually detected. However, the pa-
rameters of this test (heat, wet, O, and CO, ) are ex-
pected to favor the oxidation of pyrite into limonite
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or goethite (Costagliola et al. 1997). The absence of
this phenomenon can be due to a very low pyrite
content or to a very slow kinetic of oxidation.

On the contrary, some of the samples exposed to the
acid test locally underwent drastic color changes,
especially those of Tarn and Baltic Brown.
Yellowish white efflorescence appeared on the three
granite types. These crusts were identified by optical
microscopy as composed of gypsum (CaS0O4.2H,0)
and are more abundant in Baltic Brown. Elsen
(1998) explains this relative abundance by the pres-
ence, in the latter, of calcic hornblende, which
probably acts as a catalyzer of the crystallization. He
argues that this mineral contains Ca’" ions needed
for gypsum formation and does not take a good pol-
ish, thus offering a larger specific surface for altera-
tion.

Figure 1. Selected granite tiles from Tarn (1), Azul Paveno (2) and Baltic Brown (3) imaged
before (a) and after the ageing test (b). The color distance image (c) is thresholded to iden-

tify regions affected by significant changes (d)



Rust-colored patches (limonite and goethite) appear
on Tarn and, to a lesser extent, on Baltic brown tiles.
In both cases, a careful macroscopic observation re-
veals that muscovite is the preferential alteration
site. Table 2 contains the relative HSI differences be-
tween fresh and altered samples computed following
equation (1).

Table 2: HSI relative differences between altered and fresh
samples

AH (%) | AS (%) | Al (%)
Tarn -33 +74 -28
IAzul Paveno -12 =27 +2
Baltic Brown -26 +37 -10

Global and local statistical parameters computed
from the distance images are presented in table 3.
The first two columns contain the mean and maxi-
mum distances as obtained for the entire surface of
the tiles. The following columns concern local in-
formation about the most altered regions obtained
from thresholding the distance image at a level of
13.

Table 3: Global and local analysis of the CIE-L*a*b* colour
distance images. With, A,: cumulated surface fraction; p(Size):
average area of individual regions; W(AE): mean color distance
within individual regions.

GLOBAL STATISTICS ON REGIONS

STATISTICS

Mean | Max | Aa (%) | n(Size) L(AE)
Tarn 10,4 | 66,8 21,4 8,3 15,3
Azul 7,0 | 352 4.1 1,9 15,1
Paveno
Baltic 10,5 | 74,4 23,4 8,9 15,6
Brown

5 DISCUSSION

The HSI differences presented in table 2 are not
really representative of color changes, mainly be-
cause they indicate global information when color
alteration is most often localized. Nevertheless, they
allow expressing visual observations into numerical
terms and checking that the digital imaging system is
able to model human eye perception, at least up to a
certain level.

Table 3 confirms that the most important chro-
matic variations are observed in the Tarn and Baltic
Brown granites. The intensity channel is affected by
two opposite contributions: the surface state altera-
tion tends to decrease the overall brightness, whereas
the apparition of white efflorescence pushes the in-
tensity upwards. By comparing the three granites
based on Al, one can deduce that the tarnishing ef-
fect is predominant in Tarn and, to a lesser extent, in
Baltic Brown. In Azul Paveno, both surface state and
efflorescence effect compensate mutually. The sharp
increase in saturation observed for Tarn and Baltic
Brown is probably due to the rust colored patches

having high saturation levels compared with the
duller shades of natural granites.

The L*a*b* distances maps and their related pa-
rameters give a much more precise description of the
intensity of color deviations. One can summarize the
information from table 3 as follows:

- The mean color distances are in complete ac-
cordance with the HSI differences concerning the
global alteration of each granite.

- The lower global color deviation observed in
Azul Paveno is not due to a lower mean color dis-
tance in the altered sites. It results from a lower
amount of altered regions combined with a smaller
mean size, thus a lower surface proportion, of these
regions.

- If Baltic Brown and Tarn present similar global
color alterations, the spatial distribution of this al-
teration is somewhat different. The Tarn granite con-
tains fewer patches, with lower mean size and lower
mean distance than Baltic Brown.

6 CONCLUSIONS

From the results presented above, it can be said
that digital cameras and image analysis are able to
perform quantitative color measurements of large
textured samples. Combined with accelerated ageing
test this proves to be a powerful tool to evaluate the
color deviations caused by weathering on ornamental
stones.

More generally, calibrated digital image analysis
appears to be a suitable tool for geologist and mate-
rial science engineers in order to tackle problems of
quality control of building materials, durability of
stones, aesthetic alteration, etc.

6.1 Advantages and possible extensions of the
method

Digital imaging is a non-destructive analytical
tool. Compared to other tools used for durability as-
sessment such as mechanical or chemical testing,
measures can be achieved exactly on the same sam-
ple before and after weathering.

Questioning the adequacy and reality of the
weathering tests is out of the scope of this paper. It
suffices to assume that useful information about the
durability and resistance of a material against weath-
ering can be derived from such tests

In the present case, one can claim that calibrated
digital image analysis is the only one method to ob-
tain a meaningful, quantitative and reliable evalua-
tion of the color modification.

Moreover, color is not the only physical property
than can be monitored by digital imaging. Under
low-angled light, pictures can be taken in which the
intensity will be inversely proportional to the rough-
ness of the surface. Using the adequate modus oper-



andi it will be possible to quantify the loss of luster
induced by weathering on polished stones.

Additionally, the exact position of altered regions
can be stored in a GIS-like geographical information
system together with mineralogical, chemical, mi-
cro-hardness and other data... Such a multi-data sys-
tem could open a wide range of possible scientific
studies on stone alteration.

Finally, the use of digital imaging devices is not
restricted to laboratory experiments. Calibrated
video imaging can be used to observe “in situ” the
degradation of wall covering materials. Real scale
studies can be set up by grabbing pictures of facades
at the reception of works and comparing them with
pictures taken one or two years later under the same
conditions.

One step further concerns the application of im-
age analysis to field imaging of natural outcrops
(Lebrun et al. 1999). In this case, digital imaging
proves to be the only way to store and retrieve quan-
titative information related to geometry and color of
geological bodies.

6.2 Limitations

The main limitations of the imaging techniques
are linked with the reliability of the image acquisi-
tion itself. If it is not possible to take pictures in ex-
actly the same conditions (geometry, field of view,
lighting), calibration will be a very delicate problem.
In any case, spending time to optimize the image ac-
quisition is never losing time. But, the information
lost by using an inadequate imaging system will be
lost forever.

Techniques suitable for observing flat surfaces
are not readily transferable to surfaces with severe
topographical gradients. Numerical shading correc-
tions do exist, which can attenuate the problems but
never eliminate them.

In a future work, it would be interesting to im-
prove the method by computing the transfer-matrix
of the system using a large reference color set (Mar-
szalec & Pietikdinen, 1996). The color set should be
chosen in order to cover the entire shade gamut of
the studied granites. This would allow standardizing
the measure of color alteration in the CIE-L*a*b*
system.
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