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Abstract: The recent use of multispectral systems as a
noncontact method for analysis of artworks has already
shown promising results. This study explains the applica-
tion of a novel portable multispectral system based on
light-emitting diodes (LEDs) for artwork imaging. This
method provides spectral information in a spectral range
from 370 to 1630 nm with a 25 cm X 25 cm field of
view by using two different image sensors in synchrony
with 23 bands of irradiation. The spectral information for
each point is estimated and validated using the pseudo-
inverse and spline interpolation methods for spectral esti-
mation and three different evaluation metrics. The results
of the metrics obtained with both estimation methods
show a general good performance of the system over the
whole spectral range. The experiments also showed that
the selection of the training set for the pseudo-inverse
estimation has a great influence in its performance, and
thus, it defines whether or not the pseudo-inverse outper-
forms the spline interpolation method. The system is
applied in situ to the study of Catalan art masterpieces,
and the results demonstrate the potential of a cost-
effective and versatile system using various off-the-shelf
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INTRODUCTION

Spectral imaging technology has evolved significantly
during the past four decades. Based on the increase in the
number of spectral bands and the reduction of spacing
between them, new terms such as multispectral, hyper-
spectral, and ultraspectral imaging define different types
of spectral imaging technology.! The impact of the rapid
development of semiconductors and related technologies
has substantially influenced today’s numerous applications
for spectral imaging. Although this technology was ini-
tially restricted to astrophysics, remote sensing, and ter-
restrial military applications,” it is currently found in such
diverse areas as medicine, biometrics, environmental sci-
ences, color technology, pharmacology, food engineering,
and agriculture.>™®

Recently, some features of spectral image acquisition
have been investigated for cultural heritage purposes.’
First, access to spectral reflectance provides a more accu-
rate color reproduction, thus avoiding dependence on illu-
mination and acquisition devices.'® These properties have
facilitated processes of digital archiving and reproduction



of collections.'" Second, with the use of spectral imaging,
the information obtained is objective, repeatable, and
does not change over time, which allows monitoring of
artworks conservation status. Third, spectral imaging per-
mits material identification. Furthermore, data from non-
visible spectral ranges can provide important information,
for example, infrared (IR) reflectography and ultraviolet
(UV) luminescence provide insight into the history of the
artwork, the artist’s methods, and serve as a tool of con-
servation status diagnosis. In addition, spectral features of
the materials can be drawn from the nonvisible parts of
the spectrum.lz’13 Some of these tasks have been per-
formed using other tools such as analytical chemical tech-
niques developed for the identification of materials.
However, techniques such as scanning electron micros-
copy, chromatography, and polarization microscopy
require the extraction of a small sample; other techniques
such as X-ray fluorescence spectroscopy, Raman spectros-
copy, or fiber optic reflectance spectroscopy (FORS) can
be used in situ, but they are all point measurement techni-
ques, that is, based on a selection of points generally
determined by visual inspection. Although some of these
techniques such as FORS can scan the whole surface of
the painting, they require long times of acquisition, ren-
dering them impractical in most cases. In contrast, in situ
spectral imaging systems can provide entire paint acquisi-
tion and depending on the specific implementation they
can also guide the site selection for further study with
point measurement methods.

There are various types of multispectral imaging sys-
tems, mainly single-point spectrometers with 2D scan-
ning systems,'® digital cameras combined with line scan
or pushbroom spectrographs,” color filter wheels,'>™" fil-
ter mosaics,'® lenslet arrays together with narrowband
filters,'”** and tunable filters of liquid crystal or
acousto-optic technology.zl’22 Operational speed, spectral
and spatial resolutions, and cost vary in each system, but
they all use a light source with a wide spectral range of
emission, such as a halogen or mercury—xenon lamp. By
contrast, the current development of light-emitting diode
(LED) technology has ameliorated wavelengths avail-
ability, efficiency, emission power, life cycle, and is in
constant evolution. The LED elements offer narrow
spectral emissions in wavelengths from the UV to the IR
spectral ranges. They enable irradiating with specific
wavelengths and customized combinations of wave-
lengths fast and in switching synchrony with the imaging
sensors. LED elements can also be combined with filters
to control the spectral emission of the LEDs and to eval-
uate luminescence.””> Some proposals of multispectral
systems using LED illumination and covering the visible
range of the -electromagnetic spectrum have been
recently published®** % these systems have been
applied to measurements of cortical oxygenation,23
microspectroscopic measurements in molecular multiplex
assays,”> and ocular fundus imaging.’

In artwork imaging, the use of LED irradiation in mul-
tispectral systems has the advantage of limiting light
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exposure to the target surface, a desirable characteristic
for conservation purposes.”’ This technique can provide
low acquisition times through fast switching and the pos-
sibility of irradiating extended areas; it can also be reli-
ably operated in situ because of the compact approach
that assembles radiant sources and acquisition into the
system without mobile parts.

In this article, we report on the use of a LED-based
multispectral system®® for imaging of paintings. The sys-
tem encompasses from 370 to 1630 nm, the spectral
range capable of providing the most relevant information.
We describe first the system setup and provide next a
brief description of the methods used for spectral recon-
struction as well as the metrics for performance evalua-
tion. Some applications to the study of Catalan
masterpieces are finally reported to demonstrate the
potential of this technique.

METHODS AND MATERIALS
System Setup

To acquire spectral images in the 370 to 1630 nm spec-
tral range, the imaging equipment featured two main parts
or modules, each one comprising an imaging sensor and a
spectral light source based on LEDs. These two parts are
basically determined by the commercial availability,
costs, and characteristics of the cameras. Unfortunately,
there is no commercial camera capable of providing at
the same time good spatial resolution and spectral sensi-
tivity to work over part of the near-UV, visible, and near-
IR to 1630 nm. This is particularly critical in the IR
zone, where even with cameras dedicated to this spectral
range, prices are too high and performance characteristics
too low, among them the spatial resolution, in comparison
with the silicon-based cameras for the visible range.
Thus, in this system, a compromised solution using two
sensors was adopted assuming a reasonable economical
cost.

In this way, these two parts can be linked to its own
spectral window, the first one (module 1) covering from
370 to 950 nm and the second (module 2) from 930 to
1630 nm. Module 1 consists of a cooled CCD mono-
chrome camera (QICAM Fast 1394; Qimaging, Canada)
with 12 bit depth of digitalization and a 1392 X 1040
pixels sensing area. We removed the near-IR filter of this
camera to achieve a spectral response up to 950 nm. This
camera is coupled to a lens (Cinegon Serie Compact
12 mm f/#1.4; Scheider-Kreuznach, Germany) with high
transmittance between 400 and 1000 nm. The correspond-
ing spectral light source has 16 channels that originate
from different groups of LEDs (peak wavelengths of
emission [in nm]: 373, 404, 432, 461, 500, 353, 593, 634,
665, 693, 728, 761, 801, 835, 874, and 903). For module
2, the imaging sensor is an InGaAs camera (C10633-13;
HAMAMATSU, Japan) with 14 bit depth of digitalization
and a 340 X 256 pixels sensing area. This camera uses a
short-wave IR (SWIR) lens (LMI12HC-SW 12.5 mm
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Fig. 1.

f/#1.4; KOWA, Japan) with improved transmittance
between 800 and 2000 nm. The spectral irradiation for
this part of the SWIR spectral region is obtained with
seven different groups of LEDs (peak wavelengths of
emission [in nm]: 955, 1071, 1202, 1297, 1451, 1540,
and 1630). In total, the system provides 23 spectral
channels that originate from LED irradiation. The spec-
tral channels provided by the radiant sources have full
width at half maximums that range from 9.5 to 45 nm
in module 1 and from 51 to 126 nm in module 2. The
separations between emission peaks in module 1 are
around 40 nm, whereas in module 2, they are above
90 nm. This wider separation between peaks of emis-
sion in the SWIR spectral region is caused by a more
limited commercial availability for LEDs in this wave-
length range.

The two LED sources in the system provide a fairly
uniform irradiance field. To this end, each specific
wavelength is generated by four LEDs arranged in a
symmetrical way over a circular ring, with a separation
of 90° between them (Fig. 1). In addition, the radiant
source includes a diffusing filter in front of the LED
elements to diminish the influence of their typical
directional emission. This configuration enabled the
corresponding camera to measure through the hole of
the ring-like light source and to capture the spectral
images, thus using diffuse irradiation and observation
at 0° (d/0°). The system is mounted on a rail assembled
to a tripod (Fig. 1) so that the system can be displaced
laterally over the rail and vertically by changing the tri-
pod height. Furthermore, the two corrected lenses,
designed for each spectral range of the corresponding
module, jointly with small apertures in the acquisition
allowed to mitigate the effect of chromatic aberration
over the spectral images. More details on this system
can be found in Ref. 28.

Imaging Procedure, Spectral Recovery, and
Performance Evaluation

A customized computational interface serves to control
all the parameters of the system such as synchronization
of image acquisition and LED emission; it also imple-
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Experimental setup of the portable multispectral system.

ments algorithms for noise correction, calibration, and
processing of acquired information. The protocol to
acquire the set of spectral images requires the sequential
irradiation of the field of view (FoV) with the LED sour-
ces and the corresponding acquisition of 23 spectral
images. This set of images can be understood as com-
bined to form a three-dimensional (x, y, 1) spatial-spec-
tral image cube, where x and y represent two spatial
dimensions of the scene, and / represents the spectral
dimension. Each image of the cube is the result of aver-
aging 10 frames to control the influence of temporal sour-
ces of noise, that is, irradiation sources and acquisition
Sensors.

The FoV of the system has been customized to the
area of 25 cm X 25 cm of a white standard (BN-R98-
SQ12: 98% reflective; Gigahertz-Optik, Germany). For
this particular configuration, the equivalent projected area
of the scene onto each pixel is of 180 um X 180 um for
module 1 and 735 um X 735 pum for module 2. With the
use of this white standard, we have also set the parame-
ters of offset, gain, and exposure time for all the channels
of the system assuring the best use of the dynamic range
of the cameras while working within the linear part of
their responses. This means that the images are calibrated
guaranteeing offset and maximum values around 4 and
95% of the maximum possible digital level for each cam-
era, respectively.

We corrected the spatial nonuniformity for the response
of the pixels of the camera and the irradiance field
through a flat fielding process proposed by de Lasarte
et al.,”® based on capturing images of dark frames and of
a uniform sample with calibrated reflectance. In this
work, we have used the white standard panel used in
image calibration that has uniform and high spectral
reflectance over the range of 250-2500 nm. These dark
and white standard images are captured under the param-
eters of offset, gain, and exposure time obtained for each
channel in the calibration. This set of parameters is main-
tained to acquire the images of the samples, which jointly
with the reflectance information of the white standard
allow their interpretation as reflectance images when it is
necessary.
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Fig. 2. RGB image and the 23 spectral images of a section (zone 1) of the wall paintings in Saint Michael’s chapel at the

Royal Monastery of Saint Mary of Pedralbes (Ferrer Bassa).

To evaluate the spatial nonuniformity of the irradiance
field and its correction, we used the spatial nonuniformity
percentage (SNUP)?’ given by the following equation:

I
SNUP=100-$, (1)

where I represents the mean digital level of the image,
and o(I) represents its associated standard deviation. We
calculated SNUP values over the different channels of the
system before the flat field correction and over a gray
uniform sample. These values ranged from 4.83
to 10.66% and after correction they ranged from 0.07 to

0.33%, showing the good performance of the algorithm.

4

We used two widely known methods to recover spec-
tral information. First, spline interpolation®®' that pro-
vides direct access to the spectrum of reflectance. The
interpolation methods operate over the digital values in
each spectral image, after the calibration, considering
them as elements of a reflectance factor image, that is,
as samples of the reflectance spectrum at the spectral
channel wavelength. The accuracy of the interpolation
methods is greatly dependent on the number of channels
in the system. In this study, spline interpolation gives
coarse but useful spectral information and does not
require information on all system characteristics or prior
knowledge of the samples to be imaged. Spline
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Fig. 3. RGB image, spectral image corresponding to 1202 nm, and a detail with the segmentation of the retouched
section.
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Fig. 4. RGB image and the 23 spectral images for a section (zone 2) of the wall paintings in Saint Michael’'s chapel at
the Royal Monastery of Saint Mary of Pedralbes (Ferrer Bassa).
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Fig. 5. One part of the palette of color patches (8) using pigments usually found in fresco paintings.

interpolation was specifically selected because its char-
acteristic smoothness suits the expected type of spectral
functions for real materials.

The pseudo-inverse method with training was the
second method of spectral reconstruction. This estimation
method provides spectral reflectances from digital camera
responses through a mapping matrix. This mapping
matrix entails a pseudo-inverse procedure minimizing the
least-square-error for the training dataset of known reflec-
tances and corresponding camera responses. While this
method generates good spectral results, it depends sub-

15,32
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stantially on the distance between the set of training sam-
ples and the samples to capture.

Three different metrics were used to compare and
evaluate the performance in the spectral reconstruction
of the system. Two metrics compared the estimated
spectral curves in relation to the reference spectra: the
root mean square error (RMSE),">* a widely used
metric for spectral evaluation, and the goodness-of-fit
coefficient (GFC) proposed by Hernandez-Andrés
et al®*3* This GFC is described by the following
equation:

COLOR research and application
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Fig. 6. Spectral reflectances from the palette of 32 patches for the training set generated using typical artwork pigments.
Measurements carried out with a commercial spectrometer (Spectro 320 R5; Instruments Systems, Germany). The lines
with star symbols correspond to the subset of patches shown in Fig. 5.
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where r,(4;) are the original spectral data at the wave-
length /; and r(/)) is the estimated spectrum at the wave-
length ;. GFC >0.995, GFC >0.999, and GFC > 0.9999
are required for acceptable, good, and excellent matches,
respectively. The third metric is the CIEDE2000 formula
(AE0)*7 used over the reconstructions in the visible
range as a colorimetric evaluation. To compute the color
data, the CIE D65 illuminant and CIE 1964-10 standard
observer discretized at 5 nm wavelength intervals were
used.

RESULTS OF ARTWORK IMAGING

We captured images at the Royal Monastery of Saint
Mary of Pedralbes, Barcelona (http://www.bcn.cat/mones-
tirpedralbes/es/). The images were acquired from the wall
paintings by the painter Ferrer Bassa located in Saint
Michael’s chapel. These wall paintings are considered
masterpieces of the 14th century Catalan Gothic art. We
also imaged the anonymous diptych The Nursing
Madonna (ca. 1500), an approximately 60 X 40 cm? oil
on wood painting.

Imaging of Wall Paintings

Figure 2 contains the RGB and the 23 spectral images
captured with the multispectral system for one section
(zone 1) of the wall paintings in Saint Michael’s chapel
(the RGB image is the combination of the spectral images
of 634, 535, and 461 nm for the R, G, and B channels,
respectively). This set of images illustrates the captured
information for each section of the mural. The examination
of the images enables conservators and restorers to address
features otherwise hidden in regular trichromatic imaging.

Volume 00, Number 00, Month 2014

By way of an example of the possibilities offered by the
multispectral system and taking into account the scratches
and degradation from aging, the hexagons in the images of
Fig. 2 have uniform color in the spectral channels of the
visible range. It could be therefore inferred that they were
painted with the same material and have the same behavior
over the whole spectral range covered by the multispectral
system. Instead, as the spectral channels in the IR clearly
show, there is a section that differs from the rest. It prob-
ably corresponds to the application of a retouch with a
material different from the original.

Figure 3 shows a detail of the image with the possible
restoration and the retouched area obtained with IR infor-
mation. The area has been enhanced and segmented by a
thresholding process over the images to help restorers.

Figure 4 shows another part of the mural paintings in
Saint Michael’s chapel (zone 2). In this case, the spectral
images show more obvious strokes in the longer wave-
lengths than in the visible wavelengths, which are more
affected by blackening due to aging and dirt. These find-
ings may be of interest for the study of color aging and
for the details of the original image and techniques used
by the painter.

Additionally, spectral and accurate color information
can be accessed from the spectral images by using inter-
polation or estimation methods. To access this informa-
tion using the pseudo-inverse method, which requires a
priori knowledge of the spectral samples to be measured,
we used two training sets. The first set was a palette of
32 patches generated using the fresco technique and pig-
ments usually found in this kind of wall paintings. These
pigments correspond to colors like venetian red, red earth,
green earth, burnt umber (brown), indigo, yellow, yellow
ochre, and vegetal black (Figs. 5 and 6). For the second
training set, we measured the spectral reflectance of 22
points over the wall paintings in Saint Michael’s chapel
with a commercial spectrometer (Spectro 320 RS; Instru-
ments Systems, Germany). This set is also used in this
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TABLE I. Results of evaluation metrics in spectral estimation for the set of selected sample points (22) over

the wall paintings in Saint Michael’s chapel.

Module 1 Module 2
Mean values CIEDE2000 RMSE GFC RMSE GFC
Interp 2.08 1.31 0.9995 2.60 0.9996
PSE (TrS: Pigments) 2.43 2.99 0.9987 4.90 0.9991
PSE (TrS: Wall points) 0.69 0.52 0.9999 2.51 0.9998

Interp, Spline Interpolation; PSE, pseudo-inverse; TrS, Training Set.

study as the test set for the performance evaluation of the
system.

The patches in Fig. 5 are part of the complete set of
pigments prepared as one of the training sets. Their corre-
sponding spectra are depicted in Fig. 6 by the curves with
the star symbols, together with the curves for the rest of
the training samples belonging to this set. For example,
the burnt umber pigment patch (second row, second col-
umn) that is dark in all the spectral images can be corre-
lated with its corresponding spectral curve in Fig. 6, the
black starred curve.

Table I shows the performance evaluation in spectral
reconstruction for the sample points over the wall paint-
ings in Saint Michael’s chapel. The pseudo-inverse
method with the sample points as training and test sets
presents the best results. In this case, it could be inferred
that some overfitting has taken place. The results for the
spline interpolation method and the pseudo-inverse
method using the palette of fresco patches as training
set also show good results. However, the spline interpola-
tion method presents better values, probably due to the
smooth reflectance curves of the samples, and conse-
quently the simpler fitting between the reference and
interpolated spectral curves. Furthermore, the pseudo-

inverse method can be influenced by the palette of pig-
ments of the training set. The color differences under 2.5
units represent a good colorimetric reconstruction in all
cases; RMSE and GFC show a good spectral fitting in
module 1. Overall, module 2 presents a poorer perform-
ance than module 1 due to the lower number of spectral
channels in this range.

Image Composition of Large-Sized Pieces

Another challenge typically found in artwork imaging
is the capture of large-sized images such as frescos. Fig-
ure 7 shows the result of an image composition for the
painting The Nursing Madonna. This image was captured
with the multispectral system through a sequence of
movements and was later assembled from the set of subi-
mages using a Matlab-based stitching algorithm derived
from computing correlations of intersecting sections of
individual images.

The painting in Fig. 7 shows some deterioration, for
example, the vertical crack in the middle of the painting
or the background color degradation. In these situations,
the restorers and museum workers can use the detailed
spatial information provided by the composed images of

Fig. 7. Result of the image composition for the painting The Nursing Madonna from a set of subimages acquired using

the multispectral system (Painting from the Royal Monastery of
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Saint Mary of Pedralbes collection).
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Fig. 8. Comparison of a section of the painting The Nursing Madonna to show the cracking of underlying layers of the
painting: (a) RGB image; (b) spectral channel of 590 nm; and (c) spectral channel of 1202 nm enhanced through histogram

equalization.

the system to assess the process over time. For example,
Fig. 8 shows three images where a histogram equaliza-
tion of the image corresponding to the spectral channel
of 1202 nm [Fig. 8(c)] suffices to enhance and visualize
the underlying layers where cracking of the materials
are found. Additionally, other details from previous
restorations not visible in the RGB image or the
590 nm spectral channel are also revealed, as high-
lighted in Fig. 8(c).

Apart from the specific image processing techniques
we have presented here, several other novel algorithms
may be implemented using these spectral data, and thus,
even deeper insight on the samples can be obtained.

CONCLUSIONS

The information provided by the LED-based system
shows the value of this technique in cultural heritage
studies and artwork conservation. Features in the art-
works hidden to plain sight or trichromatic imaging
were revealed with this technique. The evaluation in
spectral and colorimetric performance also showed that
the system is a reliable tool for providing pixelwise
reflectance information over a wide range of the spec-
trum. The composition of a large-sized artwork from a
set of subimages was successfully achieved showing the
versatility and suitability of the system in this kind of
painting formats.

Because of the portability, compactness, modularity,
and reliability, multispectral systems using LED technol-
ogy constitute a cost-effective technique applicable to
other areas of research. Furthermore, the combination and
modification of the basic setup of this system with a wide
range of other elements could have potential in applica-
tions such as luminescence evaluation, mottling/cloudi-
ness evaluation in automotive coatings, performance of
antigraffiti technologies, influence of UV-LED irradiance
on artworks, plastic sorting systems, support in medical
imaging, and diagnosis.
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