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The interpretation of a Raman spectrum is based on the identification of
its characteristic molecular bands. However, the assignment of the
vibrational modes is often compromised by the presence in the spectrum
of an intense fluorescence background that covers the measured spectra.
Several techniques have been employed to minimize the presence of this
fluorescence in order to resolve and analyze Raman spectra. In this paper
a new automated method for fluorescence subtraction is described, based
on morphology operations. This method is compared with the most
commonly used polynomial fitting methods. Results indicate that the
proposed automated method is efficient in fluorescence subtraction and
retains the line shapes and positions of the Raman bands in the spectra.
Index Headings: Pigment identification; Art conservation; Raman spec-
troscopy; Fluorescence; Mathematical morphology; Background subtrac-
tion; Spectral processing.

INTRODUCTION

Raman spectroscopy is an extremely valuable tool for
research in a wide range of fields, and numerous publications
in recent years have attested to its popularity, success, and range
of applications.! This technique has proven capable of
identifying pigments,*® mainly because it enables in sifu,
nondestructive analysis directly on the unprepared sample or
surface of the work of art and provides identification. However,
the efficiency of the Raman effect is low because only a small
number of incident photons are inelastically diffused. Therefore,
the detection of the Raman signal can be limited by the different
noise sources commonly encountered in Raman spectroscopy:
shot noise, instrument noise, and background noise.'°

The most common source of background light encountered
in Raman spectroscopy is the fluorescence that can be intrinsic
to a pictorial sample due to the pigment itself and/or the
binding media used in the paint layer and/or the varnishes used
to enhance the work of art. This fluorescence background is
usually some order of magnitude higher than the Raman signal
intensity and it can mask the Raman bands, compromising the
final result of the analysis. Therefore, the presence of
fluorescence in a Raman spectrum must be reduced to facilitate
the effective observation of the Raman signal in the measured
spectrum. This is particularly important in the application of
Raman spectroscopy to the identification of pigments in a work
of art.

There is no single strategy for reducing fluorescence back-
ground in Raman spectra. Several instrumental and mathemat-
ical methods have been proposed to eliminate fluorescence
baseline to enhance the Raman signal.''~!° The non-instru-
mental methods (mathematical treatments) are usually em-
ployed because they do not require the upgrading of existing
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instrumentation. One simple and effective method consists of
fitting the background using a polynomial function and then
subtracting it from the spectrum (baseline subtraction). In this
technique, the user manually optimizes the subtraction of
fluorescence. Thus, the procedure is neither automatic nor
systematic. It can take a long time since the user must treat each
spectrum individually to find the best approximation. To
overcome these limitations, an automatic method for the
elimination of the fluorescence background is proposed. The
method is based on mathematical morphology techniques,
which are commonly used in image analysis and processing to
simplify the images and preserve the main characteristics of the
objects’ shapes. In a Raman spectrum, the bands are the main
features (objects) to consider in order to identify materials.
Therefore, the proposed method fits best the baseline of the
spectrum not considering the Raman peaks, and subtracting
only the intense background without manual intervention. The
Raman spectrum is now prepared for subsequent signal
processing to identify the analyzed material.

The aim of this paper is to investigate the power of mathe-
matical morphology to remove the background of Raman
spectra without modifying the Raman bands. For this purpose,
the paper is organized as follows. First of all, a brief intro-
duction describing the principles of mathematical morphology,
the rationale of the proposed method for the baseline removal,
and the experimental system for measuring the spectra is given.
Second, a discussion concerning the results of applying this
method to Raman spectra of pigments is provided. Further-
more, a comparison of distortions introduced by the proposed
method with the polynomial approximation is made.

THEORY

Morphology-Based Operations. Mathematical morpholo-
gy is a nonlinear signal processing technique based on classical
set theory.?? It can be used in digital image processing in which
the components of an image are considered as sets, subsets, or
parts of a space. The first studies were undertaken by
Minkowski,?! continued by Hadwiger,??> and reformulated by
Matheron?? and Serra.?* Mathematical morphology is currently
used in different research fields because it requires only to
work with sets of data and their properties.?>~27 It is par-
ticularly useful in fields in which shape is the most important
characteristic, so it can be applied to the processing of one-
dimensional signals such as spectra by considering the func-
tions as sets that represent the signals.

All morphological operations are the result of one or more
operations (union, intersection, etc.) between two sets X and Y,
which both pertain to a Z space. One of the two sets, for
instance Y, is named the structuring element. To operate with
the other set, X, the structuring element is shifted through the Z
space, transforming the original X into another set. The aim of
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(a) Erosion and dilation and (b) opening (spectrum i, dashed line) and top-hat (spectrum ii) of the spectrum corresponding to an ultramarine blue pigment

with representative peaks located at 258 cm™!, 286 cm™!, 548 cm™!, 820 cm™!, and 1096 cm™'.

this transformation is to search for geometric structures in the
original X using the structuring element, Y, whose shape is
chosen a priori according to the “morphology” of the set to be
transformed and the special structures (forms) to be extracted.
The two most basic operations in mathematical morphology are
erosion and dilation. These operators are the basis of any other
morphological transformation.

To adapt the above operator definitions to one-dimensional
signal processing, the erosion, ey(f), of a one-dimensional
function f(x) by a structuring element Y is defined as the
minimum value of the function in the window, as determined
by the structuring element, centered at x. The expression for the
erosion of f by Y is described mathematically as:

ey(f)(x) = minf(x + ) (1)

The dilation, 8y(f), is the dual operator of the erosion. Thus,
the dilation of a one-dimensional function f by a structuring
element Y is defined as the maximum value of the function in
the window determined by the structuring element, centered at
x. The expression for the dilation of f by Y is described
mathematically as:

B¢ (£)(x) = max(x +5) )

Figure la shows the erosion and dilation of a Raman
spectrum (that is, a one-dimensional function) by a plane
structuring element that is a window of 41 points centered at the
processed point. This spectrum was measured from an oil
painting, corresponding to the ultramarine blue pigment
([(Na;0AlsSic04S2)«]), and was excited using red radiation from
a HeNe laser. The erosion of the function results in a narrowing
of the peaks. Peaks that are narrower than the structuring
element disappear completely and the minima of the function
expand. Dilation of the function leads to the opposite effects.

Generally, dilation and erosion are transformations with no
inverse, so, there is no way to recover the original signal from
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its erosion or dilation. However, it is possible to approximate
the original signal by using a combination of these two basic
operators. In other words, dilation can be used with the same
structuring element as erosion to try to retrieve the original set.
This combination of operators—erosion followed by dilation
with the same structuring element—is another morphological
operator called the opening operator. The same happens when a
dilation is followed by an erosion. This composition is called
the closing operator. Opening and closing are the basic
operations of morphological noise removal. Opening removes
small features, while closing removes small holes. These
techniques can also be used to find specific shapes in an image.
Opening can be used to find things into which a specific
structuring element can fit (edges, corners, etc.). The opening
of a function f by a structuring element Y is obtained by the
erosion of f by Y, followed by the dilation of the resulting
function by Y, and is described mathematically as

Yy(f) = drler(f)] 3)

Opening smoothes the function nonlinearly. It removes the
positive peaks that are narrower than the structuring element.
Therefore, the opening always takes values lower than the
original function. Figure 1b (spectrum i, dashed line) shows the
opening of the signal that is represented in Fig. la by a
structuring element of 41 points (44.4 cm™!).

Another morphological operation is the top-hat transforma-
tion. The top-hat by opening is the remainder of the original
signal and its opening, that is,

p(f) =1 —v(f) (4)

This operation allows one to determine which structures have
been eliminated by the opening. The top-hat by opening (now
top-hat) of the signal represented in Fig. la is shown in Fig.
1b (spectrum ii). It must be pointed out that the size of the
plane structuring element has been chosen to show how the
top-hat operator works. Taking into account this result, it is
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proposed method (spectrum ii), with the insets showing an enlargement of the Raman band at 1096 cm™'.

reasonable to suppose that, with an optimum size of the
structuring element, the opening could approximate the
baseline. The top-hat could be used to obtain a baseline-free
spectrum. On the basis of this idea, a morphological filter is
proposed in this paper to eliminate the fluorescence baseline
in Raman spectra.

Proposed Baseline Removal Method. The purpose of this
work was the use of mathematical morphology for the
automatic removal of the baseline of the Raman spectra of
works of art. The main objective was to eliminate the
background of Raman spectra, which is mainly caused by
fluorescence in the analyzed sample. Hence, fluorescence-free
spectra could be obtained without modifying the shape or
position of the Raman bands in order to identify the material
(i.e., pigments).

As mentioned in the previous section, an opening is a
morphological transformation that removes peaks of width
equal to or smaller than the structuring element size and always
takes values that are lower than those of the signal. With a
suitable structuring element, the opening of a Raman spectrum
will remove all Raman bands narrower than the structuring
element size. The result obtained upon applying the opening
operation can be approximated to the baseline of the Raman
spectrum and the top-hat transformation is the background-free
final spectrum. As the Raman bands in a spectrum can have
different widths that are not known a priori, the first step is to
optimize the size of the structuring element so as not to lose
any band contributions. The size, in terms of the number of
data points of the structuring element, must be at least equal to
the number of data points of the widest Raman band of the
spectrum. The following method for obtaining the optimum
size of the structuring element does not involve peak
recognition, i.e., the Raman bands do not have to be explicitly
located in advance.

First, the opening of the spectrum is calculated using a
three-point structuring element. Second, the size of the
structuring element is increased by two points and the
opening of the spectrum is recalculated, and so on. When

(a) Opening (spectrum i) and new approximation (spectrum ii) of the spectrum in Fig. 1 and (b) spectrum filtered by the top-hat (spectrum i) and by the

1

three consecutive openings are equal, the method is stopped
and the optimum size of the structuring element is the smallest
of the three used to calculate these openings. In other words,
the opening of the Raman spectrum is iteratively applied,
starting from a minimum size of the structuring element (three
points), until three consecutive openings are the same. This
iterative procedure was performed using a home-made
algorithm.

If this method is applied to the spectrum in Fig. 1, an
optimum size of the structuring element of 89 points (97.7
cm™') is obtained. Nevertheless, the opening of the Raman
spectrum with the optimized structuring element may show
residual bands predominantly in those spectral regions that
show non-resolved multiple bands. Consequently, the top-hat
of the spectrum can result in a baseline-free spectrum with
some slightly distorted bands in its shape. To overcome this
problem, a new combination of erosion and dilation of the
opening is proposed to obtain a better approximation of the
spectrum baseline in these spectral ranges. This consists of the
average of dilation and erosion of the opening of the spectrum.
The expression of this approximation is described mathemat-
ically as

Sl (/)] + el ()]
: (5

Y (f) =

This new approximation of the baseline is closer to baseline
than the opening in the regions where there are Raman bands,
while the opening is closer to baseline than the new
approximation in regions where there are no bands (see Fig.
2a). Therefore, we establish that the best approach to baseline
will be the minimum value between the opening and the new
approximation to the baseline at each point. That is,

Yope(f) = min[y'(f), v(f)] (6)

The baseline is optimally removed by applying the top-hat
transformation, using the proposed correction for the opening.
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Thereby, starting from a Raman spectrum with baseline f, the
spectrum with no baseline pop(f) is obtained as:

popt(f) :f - YOpt(f) (7)

Figure 2b shows the spectrum of Fig. 1 before and after
filtration with top-hat (spectrum i) and with the proposed
technique (approximated top-hat) (spectrum ii). As can be seen,
the approximated top-hat avoids the slight distortion in the
shape of the bands that is produced by top-hat. In both cases,
the positions of the peaks remain unchanged after filtering.
As discussed previously, the optimum length of the
structuring element is determined by the width of the widest
band and/or overlapping bands of the spectrum. Thus, for a
spectrum with wide and/or overlapping peaks, a structuring
element of larger length will be obtained. If the baseline has a
similar width, it could be confused with a band and therefore
would not be efficiently eliminated. This is a weakness of the
proposed method, although it is a very unlikely situation.

MEASUREMENT SYSTEM: EXPERIMENTAL
SETUP

Raman spectra were collected by using a commercial device
(model INDURAM) by Horiba Jobin Yvon provided with
Labspec software. Three different laser excitation frequencies
were employed for spectral acquisition: a HeNe laser (632 nm),
an Ar laser (514 nm), and a near-infrared (NIR) diode laser
(785 nm), each of which provided approximately 4 mW of
laser power at the sample. The most suitable laser excitation
frequency was selected in order to obtain the best signal-to-
noise ratio in the spectrum from the sample. The light from the
laser was guided by an optical fiber to the probe head and
directed to the sample. The scattered light was collected and
filtered by the same probe head. It was then guided by optical
fiber to the monochromator and detected by a thermoelectri-
cally cooled charge-coupled device (CCD) detector. An 1800
lines/mm dispersive grating was used for the measurements.
All spectra were acquired in a spectral range suitable for
measuring the most representative bands for each pigment.
Acquisition times were on the order of 100 s. This Raman
instrumentation with an optical fiber enabled direct measure-
ments on the works of art.

RESULTS AND DISCUSSION

Analysis of Experimental Spectra. To evaluate the
performance of the proposed method, the technique was
applied to Raman spectra of artistic pigments from different
works of art. Below, the results obtained with some
experimental spectra, showing different shapes of baseline,
are shown.

Figure 3a shows the Raman spectrum of cadmium yellow
pigment (ZnS-CdS) before and after filtering. The size of the
structuring element was 109 points (59.4 cm~!). The spectrum
was measured on an oil painting with a laser wavelength of 514
nm. The bands arise from a flat baseline and their positions
remained unchanged after filtering. Another example of
baseline correction is shown in Fig. 3b. The Raman spectrum
corresponds to the vermillion pigment (HgS). The spectrum
was measured on an oil painting using a laser wavelength of
632 nm. The size of the structuring element was 35 points (40.1
cm ). It can be seen that the baseline was completely removed
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and the bands still remained in their positions. So, the filtered
spectrum is ready for further processing if necessary.

The Raman spectrum of lead tin yellow pigment (PbaSnO4)
is shown in Fig. 3c. The spectrum was measured on an oil
painting with a laser wavelength of 514 nm. The spectrum
baseline was quite different from that of the previous spectra.
The spectrum shows a sharp slope in the region of the lower
frequencies probably due to the notch filter edge. For this
reason, the filtered spectrum showed a little band that is not
observable in the original spectrum. Nevertheless, the back-
ground has been completely removed with a structuring
element of 23 points (15.1 cm™!) and no shift in the band’s
position has been noticed after baseline subtraction.

Figure 3d shows the last example of baseline correction. The
Raman spectrum was acquired from a sample of commercial
standard red vermillion French substitute pigment manufactured
by Sennelier (N°675, PR4, B-naphthol). This is an azo group
pigment. Although it was directly measured on pure pigment
using an excitation wavelength of 785 nm, this spectrum
showed baseline itself because the pigment has intrinsic
fluorescence. It was chosen because the baseline is completely
different from the other examples. The proposed (filter)
technique performed the baseline correction with a structuring
element of 41 points (44 cm™') and without shifting the bands.

The figures enable a qualitative visual inspection of the
distortion imposed by the given (filter) method on the baseline-
removed spectra. Despite slight distortion, the bands are clearly
visible. Furthermore, in a molecular identification, the
information of interest is in the band position. The filter
eliminated the fluorescence baseline without shifting this
position. Thus, the spectra are ready for further numerical
processing if necessary.

The demonstration of the proposed method on experimental
spectra shows its effectiveness. The technique was then
compared with the polynomial fitting method using the root
mean square error to demonstrate its potential for complete
automation.

Comparison with the Conventional Polynomial Ap-
proach. The polynomial approach is the most popular method
in Raman spectroscopy for subtracting the baseline from a
spectrum. This method consists of finding the polynomial that
best fits the baseline. Many commercial software provide this
application. A comparison between the polynomial approach
and the proposed filter has been made. The degree of the
polynomial was selected a priori, taking into account the shape
of the baseline of the processed spectrum. When the collected
spectra exhibit large variability in the baseline slope and
shapes, it might be difficult to carry out an empirical parameter
selection.

The Raman spectrum of ternary yellow pigment (lead-
antimony-tin triple oxide pigment, Pby(SniSbs<)O7.4s), is
shown in Fig. 4. This spectrum was measured from an oil
painting using an excitation wavelength of 632 nm. The size of
the structuring element was 41 points (46.8 cm™!). The figure
shows how the proposed method performs on the spectrum
relative to the polynomial method used (fifth order). The result
shows the effectiveness of the proposed method.

The root mean square error (RMSE) was used to compare
the results of the proposed technique and the polynomial
approach. To this end, the RMSE between the ideal Raman
spectrum of a pure pigment sample (a commercial standard)
and either of the fitting methods has been calculated. The ideal
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vermillion pigment with representative peaks located at 253 cm™! and 344 cm™!, (¢) lead tin yellow with representative peaks located at 196 cm™!, 275-291 cm™!,

Examples of Raman spectra before and after filtering. (a) Cadmium yellow pigment with representative peaks located at 304 cm~! and 609 cm~!, (b)

457 cm™!, and 525 cm™!, and (d) red vermillion French substitute pigment with representative peaks located at 312 cm™!, 625 cm™!, 988 cm™!, 1122 ecm™!, 1191

em !, 1337 em™!, 1396 cm™!, 1486 cm™!, and 1588 cm™'.

Raman spectrum was measured under optimum conditions.
The values of RMSE obtained for the proposed morphologic
filter were 0.0703 for the cadmium yellow pigment, 0.0967 for
the vermillion pigment, 0.06 for the lead-tin yellow pigment,
and 0.0395 for the ternary yellow pigment and for the
polynomial approximation were 0.1290, 0.4748, 0.402, and
0.1041, respectively. These last values correspond to the best
polynomial approximation for each spectrum, that is, the
polynomial degree was five for the spectra of cadmium yellow
and ternary yellow pigments and nine for the spectra of
vermillion and lead-tin yellow pigments. As can be seen, the
filter gave better RMSE values than the polynomial approx-
imation. Furthermore, the polynomial approximation requires
user intervention and involves critical subjectivity, while the
proposed filter only works with the measured spectrum,

regardless of the user. The baseline has a strong influence on
the polynomial approximation as the polynomial degree must
be selected according to the shape of the baseline to subtract,
while the proposed technique works independently of the
baseline.

CONCLUSION

We have proposed and experimentally demonstrated a novel,
simple scheme for fluorescence rejection. The basic principle is
to extract the bands from the baseline. The morphological filter
that we designed automatically removes the fluorescence
baseline and avoids user intervention. From a practical
perspective, the proposed method produces results that are
within the general range of manual methods and has the
potential for complete automation. The specific reasons for
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Fic. 4. Raman spectrum of the ternary yellow pigment with representative
peaks located at 140 cm™', 336 cm™!, 452 cm™!, 509 cm™!, and 770 cm™!, (a)
before filtering, (b) filtered with the fifth-order polynomial method, and (c)
filtered with the proposed method.

eliminating the baseline depend on the application. These
reasons may range from relatively simple requirements, such as
presentation, to more demanding requirements, such as
quantification or preparation for further numerical processing.
Baseline correction may be just an intermediate step within a
large scheme for a complete automatic identification so that
automation of this step can be very important. The proposed
technique is a “self-contained” method, which avoids user
intervention.

The proposed method does not require knowledge of the
baseline shape, so it can be used to automate fluorescence
subtraction from measured spectra. The algorithm is compu-
tationally efficient, conceptually simple, and easy to imple-
ment. It is an alternative to other methods that use complicated
mathematical data treatment and take advantage of the spatial
characteristics of spectrum data. This method does not need
automatic peak recognition. As the peaks are extracted, they do
not have to be explicitly located in advance. However, it must
be pointed out that the Raman bands should be distinguishable
in the spectral range, also with strong fluorescence, so that the
proposed method works efficiently. This condition is necessary
for any mathematical method. Of course, the quality of the
reconstructed fluorescence-free spectrum is linked to the
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quality of the original Raman signals. Moreover, although
the proposed method has been proved with Raman spectra
from pigments used in works of art, it can be used to remove
the baseline from spectra obtained from other materials.
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