
Scanning Multispectral IR Reflectography SMIRR:
An Advanced Tool for Art Diagnostics

CLAUDIA DAFFARA,* ENRICO PAMPALONI, LUCA PEZZATI,
MARCO BARUCCI, AND RAFFAELLA FONTANA

Istituto Nazionale di Ottica (CNR-INO), Largo E. Fermi 6, 50125 Florence, Italy

RECEIVED ON OCTOBER 30, 2009

C O N S P E C T U S

Spectral imaging technology, widely used in remote sensing applications, such
as satellite or radar imaging, has recently gained importance in the field

of artwork conservation. In particular, multispectral imaging in the near-infra-
red region (NIR) has proved useful in analyzing ancient paintings because of
the transparency of most pigments and their varied reflectance changes over
this spectral region. A variety of systems, with different detectors and filtering
or dispersing technologies, have been implemented. Despite the recognized
potential of multispectral NIR imaging, which provides information on both
spectral and spatial domains (thus extending the capabilities of conventional
imaging and spectroscopy), most of the systems currently used in art diagnos-
tics have limitations. The technology is still in its early stages of development
in this field.

In this Account, we present the scanning multispectral IR reflectography (SMIRR) technique for artwork analysis, together
with an integrated device for the acquisition of imaging data. The instrument prototype is a no-contact optical scanner with
a single-point measurement of the reflectance, capable of simultaneously collecting a set of 14 spatially registered images
at different wavelengths in the NIR range of 800-2300 nm. The data can be analyzed as a spectral cube, both as a stack
of wavelength resolved images (multi-NIR reflectography) and as a series of point reflectance spectra, one for each sam-
pled pixel on the surface (NIR spectrometry).

We explore the potential of SMIRR in the analysis of ancient paintings and show its advantages over the wide-band con-
ventional method. The multispectral option allows the choice of the most effective NIR bands and improves the ability to
detect hidden features. The interband comparison aids in localizing areas of different pictorial materials with particular NIR
reflectance. In addition to the analysis of single monochromatic images, enhancement procedures involving the joint pro-
cessing of multispectral planes, such as subtraction and ratio methods, false color representation, and statistical tools such
as principal component analysis, are applied to the registered image dataset for extracting additional information. Main-
taining a visual approach in the data analysis allows this tool to be used by museum staff, the actual end-users.

We also present some applications of the technique to the study of Italian masterpieces, discussing interesting prelim-
inary results. The spectral sensitivity of the detection system, the quality of focusing and uniformity of the acquired images,
and the possibility for selective imaging in NIR bands in a registered dataset make SMIRR an exceptional tool for nonde-
structive inspection of painting surfaces. The high quality and detail of SMIRR data underscore the potential for further devel-
opment in this field.

Introduction and Background
Near-infrared (NIR) methods have been increas-
ingly used for noninvasive analysis of art objects
and a number of different techniques are currently
adopted for various tasks in this field. Since its
introduction,1 infrared reflectography (IRR) contin-
ues to be a well established technique for paint-

ing analysis, routinely utilized in any conservation

laboratory as part of the diagnostic process before

an intervention. Since most of the pigments are

transparent to NIR wavelengths, this radiation

allows features underlying the paint layer, such as

retouching, underdrawings, and pentimenti
(changes done by the artist himself during the
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painting composition process, dealing with either the draw-
ing or the pictorial layer), to be revealed. Reflectographic imag-
ing is performed by irradiating the artwork with NIR radiation
and by detecting the backscattered radiation with suitable
devices. According to the interaction properties of the paint-
ing materials in the employed spectral range and to the com-
position and thickness of the specimen, the distribution of
absorbed and reflected radiation allows us to extract informa-
tion about painting layers and artist’s technique. Currently, dif-
ferent kinds of systems are available to acquire a NIR image,
ranging from commercial to experimental apparatus, and
response depends on the performance of the imaging device,
as well as on the spectral band used.2-9 Traditionally, reflec-
tography is being performed in wide-band modality by acquir-
ing the NIR image in a single large band, which corresponds
to the spectral range of the device. The early systems using
PbO-PbS vidicon cameras have sensitivity up to 2.2 µm,
whereas updated Si-based CCD cameras are limited to 1.1 µm.
More suitable systems use detectors InGaAs or PtSi with
broader sensitivity.

Recently, the multispectral approach, widely used in remote

sensing, has been proposed in NIR imaging of artworks and

has found successful applications in this field.10 Traditional

wide-band IRR is improved by the multiband option, which

allows the most effective range of wavelengths to be tailored

to fit the specific case.11,12 Spectral imaging technique allows

the simultaneous collection of both spectral and spatial infor-

mation thus enlarging the perspectives of IRR to new applica-

tions for the study of artists’ materials. In combination with

data from analytical techniques,13,14 such as probe-based

reflectance spectroscopy, it allows the nondestructive identi-

fication of particular pigments and provides information on

their spatial distribution across the entire painting.15-17

Despite the recognized potential of this innovative method

of investigation and the results achieved, most of the multi-

spectral NIR imaging systems commonly used in painting

diagnostics present limitations, and the technology for this

specific application is still an open field. Various NIR multi-

spectral devices based on different detectors and on a filter-

ing or dispersing system are being used by a number of

research groups.15,18-23 Waveband selection is mostly

achieved by means of a scheme of filters fitted with an infra-

red camera, which records the spatial distribution, and the set

of multiband images is stacked as a sequence of acquisitions.

Such systems suffer from systematic errors such as blurring of

the multispectral channels, which affects the reliability of spec-

tral data and require optical calibration.24 When filters are

tuned by mechanical systems, such as rotating wheels, the

spectral image set is difficult to register.25 Systems based on

sensor array suffer from pixel-to-pixel biases, lens distortion,

and nonuniform illumination and require proper correction

procedures.15,23 Detector size limits in practice the spatial res-

olution because of mosaicking.26 Moreover, current multispec-

tral devices used in conservation have limited spectral range,

which is related to the available detector technology and cost.

To cover a more extended NIR range, vidicon tube or a plu-

rality of detectors are still being used instead of the most

advanced solid-state detectors.4,20 As a matter of fact, there is

still a need for a specific developed technology in the spec-

tral imaging of artworks covering the extended range of

800-2300 nm.

In this Account, we present a novel integrated device for

multispectral imaging of paintings in the NIR spectral range up

to 2300 nm. After the description of the acquisition system,

some applications to the study of Italian masterpieces are

reported with the aim of showing the potential of the

technique.

Instrument and Method
Multispectral imaging in the NIR is carried out by irradiating

the painting surface with a broadband source and collecting

the backscattered radiation within narrow spectral NIR bands.

The imaging method is based on point-by-point scanning of

the surface. Reflectance of each sampled pixel is simulta-

neously acquired at different wavelengths and a set of multi-

spectral images is constructed. Stacking multispectral images

provides information in both the spatial and spectral domain

that can be easily visualized for the analysis and further

manipulation (Figure 1). Each point of the multispectral image

cube can be extracted as a reflectance spectrum (NIR spec-

trometry), while the slices correspond to images at different

wavelength bands (multi-NIR reflectography).

Multi-NIR Scanning Device. Scanning multispectral IR

reflectography (SMIRR) is performed by using the multi-NIR

scanner whose schematic diagram is shown in Figure 2. An

optical head, moved by a scanning system, both illuminates

the painting and collects the backscattered radiation that is

carried to the detection unit by means of a fiber bundle. To

avoid chromatic aberration, the collecting optics is a catop-

tric system made of two faced spherical mirrors with f# ) 3.75

to have acceptance cones of about 15° (according to CIE sug-

gestions for the 45°/0° configuration that we follow for the vis-

ible module, which is integrated in the device but is not

treated in this Account). The EFL is 63 mm; the depth of field

is about (1 mm, and we work in a 2f-2f configuration to

have a unitary magnification factor. The radiation scattered
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from the measured point on the painting is imaged on the

bundle made of 16 fibers assembled in square array with opti-

cal axes distance of 250 µm. Because the fibers have a 200

µm core and the magnification factor is equal to 1, the spot

size at the painting is 200 µm for each channel (see Figure 2).

The use of optical fibers allows separation of the optical head

from the detection unit, thus minimizing the load on scan-

ning stages. The lighting system is composed of two low-volt-

age halogen lamps, with (5° beam divergence, and is

stabilized in current. The irradiated area is about 5 cm2 at the

safe working distance of about 12 cm. Single point detection

makes both the geometrical aberration negligible and the illu-

mination uniform (the maximum fiber off-axis displacement is

about 0.25°). Moreover, paint surface heating is minimized by

scanning the lighting system.

The detection unit is composed of 3 Si and 12 InGaAs pho-

todiodes, each fitted with an interferential filter. One InGaAs

sensor covers the wide-band NIR range 800-1700 nm. The

remaining sensors cover the multispectral NIR range

800-2300 nm split in 14 bands with spectral resolution rang-

ing from about 50 to 100 nm. Last fiber is connected to the

visible module, which is going to be integrated in the device

but is not treated in this paper. The central wavelength of the

channels are resumed in Table 1, together with the bandwidth

of the corresponding filter. Channels equalization was per-

formed with certified standards with reflectance from 99% to

2.5%.

The scanning unit is composed of two motorized XY trans-

lation stages orthogonally mounted, with a maximum stroke

of 1 m and a precision less than 0.1 mm. The device allows

continuous measurement of an area up to 1 m2 with a spa-

tial resolution of 0.5 mm. At an acquisition rate of 2 kHz and

a sampling step of 250 µm, it takes about 3 h for maximum

scanned area. The effect of motion blur due to electronic

bandpass is negligible being less than 50 µm. In the acquisi-

tion phase our scanner is probably time-consuming compared

with devices based on extended sensors, but this time loss is

regained a posteriori because image data are aberration-free

and hardware registered, thus saving postprocessing. The

instrument has been assembled following the requirements for

in situ measurement of paintings, namely, compactness,

robustness, and transportability (Figure 3).

The device controlling software is a custom application

capable of real-time acquisition through a user-friendly graphic

interface. Main routines include that for controlling the scan-

ning mechanics and that for acquiring synchronized multi-

channels data. Additional modules allow post processing of

raw 16-bit imaging data for gray levels optimization. During

the measurements, the images can be visualized in real-time

for each of the spectral bands.

Multispectral Data and Processing. NIR images are

reconstructed point-by-point by associating to each pixel on

the image plane the intensity reflected by the sampled point

on the painting surface. At each scanning section a reference

image with a reflectance standard, Iref, and a dark image with

closed optics, Idark, are acquired. Conversion to reflectance

units is then made by using the in-scene reflectance standard

with the formula

where Rλ is the spectral reflection factor, Isample the detected

radiation, and Fref the certified value for the reflectance stan-

dard. This relation, generally used in the visible range, can be

extended to the NIR range because up to 2.5 µm thermal

emission is negligible. Reflectance accuracy for a single mea-

surement was obtained using seven SphereOptics standards

(2.5%, 5%, 10%, 25%, 50%, 70%, 99% diffuse reflectance)

and resulted in the range 5-10% rms of white standard 99%.

The spectral image cube was computed by means of algo-

rithms developed in Matlab environment. We worked with the

16-bit data sets sampled by the instrument. The monochro-

matic images were analyzed separately, as well as jointly.

Well-known methods, such as pixel-by-pixel subtraction and

the ratio between pairs of single-wavelength images, were car-

ried out to highlight changes in the reflectance of pigments

from one wavelength to another. To explore the capability of

the multispectral imaging, false color composites were elab-

orated with either single band or difference/ratio images in

FIGURE 1. Sketch of the spectral cube consisting of as many image
layers as NIR channels used. It can be analyzed as a set of
wavelength resolved images (multi-NIR reflectography) or as a
series of spatially resolved reflection spectra (NIR spectrometry).

Rλ ) Fref

Isample - Idark

Iref - Idark
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both trichromatic RGB and quadri-chromatic CMYK spaces. The

false color image, which includes all the information from the

constituent monochromatic NIR images, is used to examine

the features varying with wavelengths and to visualize infor-

mation from more than one channel simultaneously. The

spectral image cube was also processed using the well-known

statistical method principal component analysis (PCA). PCA

concentrates the significant features into a few representa-

tive images and makes somehow automatic the extraction of

information enabling a straightforward interpretation of the

results.27 A false-color representation was also used to mix the

images produced by the PCA transformations to display the

painting characteristics in a useful and intuitively appealing

way. Interband comparison and operation with different bands

are possible thanks to the superimposing property of our

images that do not require registration. Despite the drawback

of being time and disk-space consuming, this approach has

the advantage of being easy to use and of maintaining a

visual correspondence with the painting. Moreover, it can be

performed also with commercial software for image

processing.

Application and Results
The multi-NIR scanner was evaluated on real artworks to test

the system performance on field. First, measurements have

been carried out at the INO Optical Metrology Laboratory

hosted at the Opificio delle Pietre Dure (OPD) in Florence, one

of the largest restoration facilities in Europe. The device was

then moved to Italian and European museums for in situ diag-

nostics in the framework of the Eu-Artech project

(2004-2009).28 The multi-NIR scanner is part of the mobile

instrumentation of the Charisma project (2009-2013)29 and

FIGURE 2. Schematic diagram of the multi-NIR scanning device (left). The instrument is a modular system composed of
illumination/collection module, fiber bundle, detection module and scanning module which can be easily assembled (a). Sketch of
multichannel acquisition of the painting (b). The single measure is carried out on a square array of sampled points that are simultaneously
acquired through the fiber bundle.

TABLE 1. Central Wavelength and FWHM for the NIR Channels

CH 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

λ [nm] wide (900-1700) 800 850 952 1030 1112 1200 1300 1400 1500 1600 1700 1820 1930 2265
∆λ [nm] 10 67 67 55 66 66 90 90 90 90 90 100 112 590

FIGURE 3. Multi-NIR scanning device during the demonstration
measurements at the final meeting of the Eu-Artech project
(Instituut Collectie Nederland ICN, Amsterdam, May 13th 2009).
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can be accessed through its program by the scientific and the

conservation community.

The preliminary results reported below are intended to give

an application overview of the SMIRR technique with empha-

sis on the advantages over the conventional reflectography.

Multispectral imaging enables the analysis of features that are

not detectable in the wide-band reflectography, allowing the

choice of the most effective NIR bands according to the dif-

ferent case study. Interband processing is used to enhance the

presence of retouches and repaintings or, more generally, the

FIGURE 4. Cimabue, Madonna con Bambino, 13th century, Santa Verdiana Museum, Castelfiorentino (Florence, Italy). Detail of the Child’s
face at different wavelengths: (a) visible image, (b) wide 900-1700 nm channel, (c) CH2@850 nm, (d) CH6@1200 nm, (e) CH11@1700 nm,
(f) CH14@2265 nm. Details, such as the mark of the golden leaf that appears as a white spot above the Child’s right eye, appear more
clearly with increasing wavelength and reach the best visibility in the 2265 nm image. On the contrary, the two little spots on the Child’s
forehead disappear at higher wavelengths.
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areas of different pictorial matter. This ability is

well-known,11,12,17 but it has not been fully explored with an

integrated instrument in such an extended spectral range,

800-2300 nm.

Evidence of the potential of the multispectral approach is

given in the analysis of the Cimabue’s painting Madonna con
Bambino. In Figure 4, multi-NIR images and wide-band reflec-

tography are compared to show how spectral segmentation

beyond 1700 nm reveals retouches and details otherwise not

visible. Enhancement procedures involving the joint process-

ing of multispectral image planes, such as image subtraction

and ratio methods, are applied to the registered data set for

extracting hidden features. Such processing of image planes

is straightforward because, as mentioned above, the multi-

NIR scanner output is an high-quality data set (spatially reg-

istered, uniform illumination, aberration free). Difference/ratio

images allows the visualization of all the extracted informa-

tion in a unique synthesized plane, in addition to enhancing

details that are scarcely visible in the monochromatic or in the

wide-band images (Figure 5). In the difference image, the

reflectivity variation between two bands is accentuated, thus

allowing localization of areas of different materials. This is

shown in the analysis of a XVI century wooden panel by an

anonymous Italian painter (Figure 6). In a similar approach,

false color representation with either single channels or dif-

ference/ratio images was used for the two paintings La
Gravida by Raffaello and Madonna con Bambino, respectively,

to differentiate regions which are then visualized in an effec-

tive and impactive way (Figures 7 and 8). PCA was profitably

applied to a panel painting by Cosmè Tura for extracting the

various score images. The first 91.9% score image contains

the same information as the wide-band reflectography. The

other three score images (5.5%, 1.9%, and 0.3%) combined

in a false color representation improve the detection of details

as shown in Figure 9.

Conclusion
An integrated imaging device operating in the extended NIR

range 800-2300 nm has been developed with the specific

application of scanning multispectral IR reflectography (SMIRR)

of painted surfaces in mind. The multi-NIR scanner overcomes

the limitations of most of the systems currently used for mul-

tispectral imaging. Point-by-point sampling for each of the NIR

channels solves the problems related to the use of extended

detectors and filter tuning and provides precise information in

the spatial and spectral domain, namely, a metrically and opti-

cally corrected set of images that are mutually registered. As

the potential of analysis of the multispectral data is enormous

and involves many techniques, from the use of easy concepts

to advanced mathematical tools, it is very important to start

having high-quality data sets. Some applications to the anal-

ysis of ancient Italian masterpieces have been shown. The

results show that the multispectral option together with the

extended spectral range improve the traditional IRR technique.

SMIRR data can be analyzed both as multi-NIR reflectogra-

phy and NIR spectrometry. In this work, emphasis was given

to the former approach. The complex aspect of pigment map-

ping is not treated in this work and will be treated in the

FIGURE 5. Cimabue, Madonna con Bambino (13th century). (a)
Difference and (b) ratio images obtained with CH2@850 nm and
CH14@2265 nm. Both elaborations allow the visualization of all
the extracted information in a unique synthesized image plane: the
golden leaf above the Child’s right eye that appears with increasing
wavelength, the two retouches on the Child’s forehead that appear
with decreasing wavelength, and the dark dots on the Child’s chest
that appear with increasing wavelength.

Multispectral IR Reflectography Daffara et al.

852 ACCOUNTS OF CHEMICAL RESEARCH 847-856 June 2010 Vol. 43, No. 6



future. As far as pigment identification is concerned, the opti-

cal spectrometric techniques are restricted to particular cases

because the reflectance response in a real artwork depends on

several factors. Toward this aim and to provide an advanced

and integrated diagnostics of paintings in the VIS-NIR spec-

trum, a version of the instrument including also the multi-VIS

module is going to be implemented.

This research has been funded by EU within the 6th Frame-

work Programme, project EU-ARTECH. We are indebted with Dr

Cecilia Frosinini of the Opificio delle Pietre Dure in Florence for

giving us the possibility to apply the SMIRR technique on real

artworks and with the restorer Roberto Bellucci for useful dis-

cussions and suggestions. Thanks to Sara Micheli and Dr. Mat-

tia Patti for spending lots of hours looking after the multi-NIR

scanner during measurements.
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