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ABSTRACT

Macro X-Ray Fluorescence (XRF) scanning is an increasingly
widely used imaging technique for the non-invasive detection and
mapping of chemical elements in Old Master paintings. Existing ap-
proaches for XRF signal analysis require varying degrees of expert
user input. They are mainly based on peak fitting at fixed energies
associated with each element and require the target elements to be
selected manually. In this paper, we propose a new method that
can process macro XRF scanning data from paintings fully auto-
matically. The method consists of two parts: 1) detecting pulses
in an XRF spectrum using Finite Rate of Innovation (FRI) theory;
2) producing the distribution maps for each element automatically
identified in the painting. The results presented show the ability of
our method to detect weak or partially overlapping signals and more
excitingly to have visualisation of underdrawing in a masterpiece by
Leonardo da Vinci.

Index Terms— Signal processing, Macro X-ray Fluorescence
scanning, Finite Rate of Innovation, Old Master Paintings

1. INTRODUCTION

Easel painting is one of the most influential and important forms of
art around the world. A painting is created by applying pigments (in
a binder) onto a support such as a canvas or wooden panel, building
up the final image layer by layer. Therefore, in the final painting
there may be invisible layers concealed beneath subsequent paint
applications. Hidden features can include an artist’s preliminary
sketches (or underdrawing), rough laying-in of the composition, ear-
lier version of the design that were modified in the final version or
even another painting. Visualising these features is of great interest
to artists, scientists and the public but is an extremely challenging
task as these details are concealed by subsequent layers of paint that
cannot be disturbed or removed.

Macro X-Ray Fluorescence (XRF) scanning is one of the imag-
ing techniques that can be used non-invasively to reveal the invis-
ible sub-surface details in paintings [1]. A macro XRF scanning
device sequentially illuminates sub-millimetre spots (or pixels) of a
painting with a primary X-ray beam that can penetrate through sur-
face layers, exciting the emission of X-ray photons with energies
that are specific to the elements present within the pigments used
in the painting. Theoretically, each element actually emits a series
of characteristic element lines relating to electronic transition pro-
cesses in the atoms and the number of X-ray emission lines increase
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Fig. 1: XRF spectrum by averaging a 3-by-3 array of pixels (pixel
size is 350 um) in a painting.

with atomic number. Due to the effect of the XRF device, each el-
ement line is broadened into a narrow pulse [2]. The X-ray pho-
tons emitted at each pixel are detected as a spectrum consisting of
a collection of pulses due to all of the elements in this region (see
Fig. [1]for an example, where the x-axis is energy in electron volts
(eV) and the y-axis is the number of photons counted per second).
Hence, the presence of an element can be confirmed in a particular
region if all the expected element line pulses corresponding to that
element are detected within the XRF spectrum, which is called XRF
spectrum deconvolution. However, paintings are created by com-
plex pigment mixtures and therefore many elements are present at
each single pixel. As a consequence of that it is quite common that
pulses related to elements of interest in a painting overlap.

Many approaches have been proposed for XRF spectrum analy-
sis and deconvolution. P. Van Espen et al. [3] created AXIL; V.A.
Solé et al. [4] developed ‘PyMca’ in Python; M. Alfeld and K.
Janssens [3]] developed ‘Datamuncher’ in IDL; D.M. Conover [6]
proposed a method using non-linear regression; Bruker Corporation
also provides deconvolution and quantification tools in the software
for their commercial macro XRF scanning instrument. The basic
idea of these approaches is to use linear or non-linear regression to
fit the XRF spectrum with pulse shape functions (Gaussian func-
tions) [7]. The fitting requires knowledge of the number, variances
(widths) and means (locations) of the Gaussian functions. The vari-
ances can be obtained by measurements [6] or existing models [3}15].
The number and means of the Gaussian functions can be determined
if the existing elements in the XRF spectrum are known. Existing
approaches all require users to input the target elements into the soft-
ware before analysing the XRF spectrum. But the problem is that the
selection of elements by the user has great effects on the accuracy of
the results. In this paper, a new fully automatic method based on
Finite Rate of Innovation (FRI) theory [8l 9] is proposed to process
XREF spectra. It automatically detects the pulses within XRF spectra
and produces the element distribution maps for the painting.



2. PROPERTIES OF XRF SPECTRA

The collected XRF spectra contain information about the elemental
composition of the scanned painting in the form of a sequence of
pulses with different amplitudes, widths and positions. Fig. [I|shows
an example of an XRF spectrum obtained by averaging a 3-by-3 ar-
ray of pixels (pixel size is 350 um) from a scan of a painting. Four
properties of XRF spectra and their associated challenges should be
exploited to enable a robust algorithm to identify element lines:

1. Due to the effect of the device, each element line is widened and
can be well modelled by a Gaussian pulse centred at the right
energy level [2]. It can therefore be difficult to deconvolute ele-
ment lines close in energy due to pulse overlap, especially when
one element line is of relatively low intensity compared to the
neighbouring lines.

2. The pulse shape of the element lines is a function of photon en-
ergy and the element lines broaden with energy [2,|6]. This im-
poses an extra difficulty in detecting the element lines. Given
a reference pulse at energy FErr in electron volts (eV) with full
width at half maximum (FWHM) FWHM;, the pulse width of
an element line at energy E can be expressed as [10]:

1/2

FWHMEg = (2.5(E — Ewet) + FWHMif) (nH
3. The relative intensities of the characteristic lines for different el-
ements may change depending on where the atoms of interest are
within the layer structures of the scanned painting due to sec-
ondary effects [11]]. For example, lower energy photons emitted
by the atoms of an element during ionisation are more likely than
higher energy photons to be absorbed or scattered before reach-
ing the detector. This suggests that, unlike their energies, the
relative intensities of the characteristic lines for a given element
are variable and therefore not reliable for element identification.

4. In macro XRF scanning, the detected XRF spectra can be noisy
as shown in Fig. [I] This is because paintings are scanned pixel
by pixel and the number of photons collected by the detector is
proportional to parameters like beam size, pixel size, and dwell
time per pixel. Trying to achieve an XRF spectrum with good
signal-to-noise-ratio (SNR) for each sub-millimetre pixel makes
scanning an entire painting very time-consuming. Moreover, the
signal from elements deep in the painting are partially attenu-
ated by elements in the layers above and therefore produce only
a small number of photons.

3. PROPOSED METHOD

In this paper, we propose to first detect all potential pulses from the
XRF spectra with FRI and matrix pencil methods. The detected
pulses will then be used to determine the presence of specific ele-
ments in the painting.

3.1. FRI Based Pulse Detection

The width of an unknown pulse can be well modelled by Eq. (I)
with a given pulse as reference. In this paper, the first pulse in XRF
spectrum is used as the reference pulse because it is known to be at
the location of zero energy level and does not belong to any element.

Since the XRF spectrum of a single pixel contains L = 4096
values and the pulse width changes with energy, the XRF spectrum
cannot be properly processed as a whole. Instead we operate on
blocks of | = 300 values each and use a sliding window with overlap

Algorithm 1: Pulse detection algorithm

1 Input: XRF spectrum of one pixel

2 QOutput:

3 for each sliding window do

for K <+ Koo to Kpnin do

Calculate the coefficients {cm,n }-

Calculate the moments { s, }.

Retrieve {tx} with matrix pencil method [12].

Retrieve 0 = {{ax}, o} or 0 = {ax} with least
squares.

9 if V6 > 0 then

10 Keep the detection results.

11 L Break the loop.

® N & B

12 Apply the noise threshold to all detected pulses.

1/2. Our pulse detection algorithm is then applied to each window.
Moreover, we assume that the pulse shape remains the same in each
window region. Thus, the spectrum in each window can be repre-
sented as a linear combination of several pulses with the same shape
and a noise term:

K
Yyn = Y axpln — t] + €[n] ()

k=1

where y,, is the XRF spectrum with n = 0,1,...,1 — 1; K is the
number of pulses; [n] is the pulse shape; ay, and ¢; are the ampli-
tudes and locations of the pulses; €[n] is the noise. Then, the XRF
spectrum in each window can be regarded as a signal with finite rate
of innovation (FRI) [8]..

We approximate each ¢[n] with exponential splines (E-splines)
and therefore, together with their shifted versions they can approxi-
mately reproduce exponentials:

Z Cmnp(n —t) = et 3)

nez

where m = 0,1,..., P; am, = ao + mA; and ap, A € C. The
coefficients {¢,,,» } can be calculated using [13]]

eamt
ammn

Ynezetmme(n—t)

Then a linear combination of y,, with the coefficients ¢, » is calcu-
lated as

“

Cm,n = €

Sm = Z Cm,nYn - (5)

And using Eq. (@) and Eq. (2), we obtain:

K
amtp m
Sm = E CmnYn X E ape®™mth = E bruy 6)
n k k=1

where by, = are®°t* and up = e k. Therefore, pulse amplitudes
{ax}£<, and locations {t; }5_; can be retrieved from the moments
Sm by matrix pencil method [9}12].

Matrix pencil [12]] requires the number of pulses K to be known,
while our goal is to detect and localise an unknown number of poten-
tial pulses within a sliding window. Leveraging the fact that matrix
pencil is very fast, we propose to solve this model selection problem
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Fig. 2: Vectors for EC and EQ, where red spikes are the detected
pulses.

by examining the number of pulses from a maximum number K,,qz
to a minimum number K ;. With a given K, matrix pencil method
retrieves pulse locations {tx}. Pulse amplitudes {ar} can be ob-
tained by the least squares fitting given the observed XRF spectrum,
detected pulse locations {¢} and the pulse shape. A constant term
o can be optionally added to the least squares fitting to model the
background noise. Since all the pulse amplitudes and the noise term
should not be negative, the optimal pulse number K is selected with
the condition that {ax} and o are all non-negative. Our algorithm
detects the pulses with fitting the background noise firstly. With K
decreasing from Kmaz t0 Kmin, the optimal K, {ax} and o will be
obtained when the condition is met. If not, the algorithm will switch
to the detection without fitting noise. The optimal K and a; will
still be chosen when the condition is met. Note that, the detection
algorithm should be repeated on every window region of the XRF
spectrum. Finally, a noise threshold is applied and those detected
pulses with amplitudes lower than the threshold will be removed.
Our pulse detection algorithm has been summarised in Algorithmm

3.2. Element Distribution Maps

After retrieving pulses with locations {¢;} and amplitudes {as}
from the XRF spectra, they are used to determine the distributions
of elements present in the painting. Two parameters are introduced
here, which are element confidence (EC) and element quantity (EQ).
EC shows the confidence that an element exists in a certain region
and EQ indicates the relative quantity of that element. Both the EC
and EQ are calculated based on the pulse detection results and this
is done pixel by pixel. The EC map and EQ map of one element can
be created if the EC and EQ of that element are calculated for all the
pixels in the painting.

Three vectors are created for computing the EC and EQ of ele-
ment M. These are element line (EL) vector x,;, detected location
(DL) vector y and detected pulse (DP) vector z. Vector s has a
value of one at the locations of the characteristic lines of element M:

@)

1, ¢ = characteristic lines of element M,
TM,i = .
0, otherwise.

An example of @ is plotted in Fig. 2a Vector y has a value of one
at the locations of the detected pulses:

1, i=tg,
yi—{ ; (8)

0, otherwise,

and vector z has the values of the corresponding detected amplitudes
at detected pulses locations:

zi = {ak’ e )

0, otherwise.

In addition, each spike (non-zero value) in y and z is given a
shape, represented by the shape vector s; with width dj, to model

Fig. 3: Leonardo da Vinci, ‘The Virgin of the Rocks’ [14]. High-
lighted is the region of an XRF dataset collected on the painting with
an M6 Bruker JETSTREAM instrument (30 W Rh anode at 50 kV
and 600 uA, 60 mm? Si drift detector, and data collected with 350
um beam and pixel size and 10 ms dwell time).

the uncertainty of the pulse detection algorithm. The width dj is
chosen to be odd numbers and determined by the pulse amplitude
ar. A detected pulse with lower amplitude will be given a shape
sk with larger d, because detecting a weaker pulse is more likely to
have errors. The shape vector sy, is then created as:

1 2 h . h 21

E7E7"'7ﬁ7 7%7"'7%7%]7 (10)

Sk = [
where h = (d, —1)/2. The spikes in y and z are then broaden using
the corresponding shape vectors. The resulting vectors are denoted
as ¢ and 2 respectively. An example can be found in Fig.

Element Confidence: The EC of element M is defined as the
normalised inner product between x s and g:

BC = (@M 0) 7
[E2vallEl

an

Those elements not present in the pixel will have EC = 0 and those
elements having all the characteristic lines detected at the right ener-
gies will achieve an EC close to 1.



(a) Cu EC map

(b) Cu EQ map

(c) Zn EC map (d) Zn EQ map

Fig. 4: Element maps of copper (Cu) and zinc (Zn), pixel A is on the angel wing and pixel B is on the drapery.

g 100

€2 —XREF signal

% —4A Detected Pulses

3 50 8636 eV —Reconstructed signal
o

c

9

]

= N
o A

0 b '~ i s oA T A PSP A LAY Loy WL
7500 800 8500 9000 9500 10000 10500 11000
Energy (eV)

(a) Pulse detection result of Pixel A on the angel wing

-
o
o

8056 eV

—XREF signal
—4A Detected Pulses
—Reconstructed signal p

Photon counts/sec
N
o

0 'S 2 e And W CWONPVOW VWV P WP o WP

7500 8000 8500 9000 9500 10000 10500 11000
Energy (eV)

(b) Pulse detection result of Pixel B on the drapery

Fig. 5: The pulse detection results of two pixels on the draperies.

Element Quantity: The EQ of element M is defined as the inner
product of vector & s and 2:

EQ = (xm, %), 12)

which is the weighted summation of the amplitudes of the detected
pulses corresponding to element M.

4. RESULTS

A region of Leonardo da Vinci’s painting ‘The Virgin of the Rocks’
[14], highlighted in Fig. E|was scanned with Bruker M6 macro XRF
scanning equipment at the National Gallery. Our proposed algorithm
was applied on the collected XRF spectra and used to generate ele-
ment distribution maps for further analysis.

Fig. @illustrates the element maps of copper (Cu) and zinc (Zn)
produced by our algorithm. The Cu EC map shown in Fig. @has
values around 0.5 at most of the pixels, suggesting that copper is
present throughout this particular region of the painting. The Cu EQ
map in Fig. @ shows clear bright regions, relating to the Virgin’s
drapery and the foliage in the painting. This indicates that the in-
tensities of Cu at the pixels of the areas of foliage and especially for
the pixels of the draperies on the left border of the painting are much
higher than in the other pixels. In previous examination, it was found
that the foliage includes the copper-based mineral azurite [13]. The
element maps of Zn in Fig. A and Fig. [4d]show more unexpected
results. Some pixels with values about 0.3 in the Zn EC map cre-
ate what appear to be lines. Those lines are even more clear in the
Zn EQ map. These Zn-containing shapes do not correspond to any
features visible in the final painting composition. Instead, they are
related to underdrawing of planned figures (the wings and the head
of an angel are clearly visible) that was then painted over. Although
previous technical examination of the painting had revealed the ex-
istence of underdrawing for an unrealised figure of the Virgin, the
planned figures of the angel and Christ child were unknown prior to
undertaking the macro XRF scanning [T@]. It is also of interest
to note that photon counts for the lines of the underdrawing are very

small and yet our method has been able to find the pulses related
to the Zn element, which was confirmed in a micro-sample of paint
mounted in cross-section using scanning electron microscopy with
energy-dispersive X-ray analysis (SEM-EDX). The Zn EQ map also
indicates that the azurite used in the underlayer for the drapery con-
tains a little Zn which, although not confirmed in a micro-sample, is
a common impurity in azurite mineral sources.

To demonstrate the ability of our method to deconvolute two
nearby pulses, we now focus on pixels ‘A’ on the angel wing and ‘B’
on the drapery shown in Fig. Cu has two major element lines
at energies about 8037 and 8905 eV and Zn has one major element
line at energy about 8627 eV [17]. The pulse detection results of the
pixels A and B in the range of [7500, 11000] eV are shown in Fig.
and resolution of the XRF spectrum is 10 eV. For pixel A, one pulse
detected in 8635 eV belongs to Zn. For pixel B, two detected pulses
in 8056 eV and 8876 eV correspond to Cu and one pulse in 8636 eV
belongs to Zn. It is shown that although the XRF spectrum is noisy
and the Zn pulse is weak and covered by a much stronger Cu pulse,
our proposed algorithm is still able to detect both of them correctly
and the resulting maps accurately show the distribution and amount
of Cu and Zn in the area examined.

5. CONCLUSION

In this paper, we proposed an automatic approach for XRF spec-
trum deconvolution which was applied to visualise underdrawing in
an Old Master painting. Our two-stage approach first detects all the
potential pulses in an XRF spectrum using variations of FRI and ma-
trix pencil methods. Given the detected pulses in each pixel, element
distribution maps including EC maps and EQ maps were produced
for an entire scanned region of a painting. The resulting maps ob-
tained on ‘The Virgin of the Rocks’ by Leonardo da Vinci show that
our proposed method can address the challenge of both very noisy
data and convoluted signals common in macro XRF scanning in the
cultural heritage community, especially when features of interest are
hidden in deep layers.
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