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Abstract. In this paper the automated system for 3D shape and color digitization of
paintings is presented. It uses a 10000 points per mm’ structured-light measure-
ment head fixed to the positioning system. The main focus of the paper is the
process of optimizing results of digitization in order to obtain the best possible 3D
model of surface of a painting in terms of shape and color accuracy.
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1 Introduction

The process of shape and color digitization of cultural heritage objects has recently
received much attention due to still improving quality and resolution of obtained ob-
jects [1]. Dense, complete digital representation of CH entities containing information
about geometry and color of their surface provides invaluable data for analysis by art
historians, curators and conservators [2]. The advantage of 3D models over classical
2D photography is evident, especially when the objects being digitized are spatially
varied (for example sculptures, monuments etc.). At a first glance, 3D digitization of
planar objects like paintings, seems exorbitant because clearly the image on the paint-
ing is its’ most interesting feature. Nevertheless, the shape of the surface contains
much fascinating information, such as structure of paint layer, formations of cracks due
to aging or details of paintbrush strokes [3]. Moreover, the 3D data can be also con-
verted to ultra-high resolution 2D image, more detailed than systems used by art con-
servators (like digital-backed large-frame cameras [4] or GigaPan systems [5]). Having
3D model of painting surface can be used for example as a method for authenticity
checking or confirmation of authorship on the basis of paintbrush strokes analysis.

In the recent years, few research teams have given their attention to this kind of
painting documentation, achieving various results, from global, low resolution model
[6], through high-resolution digital representations of parts of painting digitized with
conoscopic microprofilometer [7], to high quality, high resolution 3D model obtained
with two laser-triangulation systems [3]. This last system utilizes laser source com-
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posed of three wavelengths which shines at the measured surface (the dot is said to be
of 100um in diameter). The dot is observed by detector with color-splitting prism,
thus beside shape (calculated basing on triangulation principle), surface color is digi-
tized. The scanner is moved by precision linear stage to provide scanning within
40mm x 200mm working volume. To digitize larger objects, the tripod holding this
device has to be moved to another “strip” of object. To achieve measurement integra-
tion, the scanning head position is measured by another, also triangulation-based
scanner. From this information, the initial alignment of directional measurements can
be calculated. While declared measurement resolution and accuracy of such system is
high, little information was disclosed on global accuracy (i.e. if alignment of direc-
tional measurements allow for obtaining good accuracy of the model within the whole
volume of digitized painting). Little is known about the quality of obtained color in-
formation.

The interesting shape features can be studied when the collected data is of high
resolution [8], up to 10000 points per square millimeter. To obtain such high resolu-
tion using standard detector (DSLR camera), working volume has to be as small as
50mm x 50mm x 20mm (because of limited sensor resolution and shallow depth of
field of its lens). Therefore, to digitize an average-sized painting, hundreds of mea-
surements have to be taken. It is clear that this process has to be automated.

The system for automated digitization of paintings’ shape and color has been de-
veloped and constructed at Warsaw University of Technology for Museum of King
Jan III’s Palace at Wilanéw (Figure 1). It is composed from 3D measurement head
based on structured-light 3dmadmac scanner [9] with resolution of 10000 pts/mm’.
Along with geometry information, color of painting’s surface is sampled (with the
same resolution and detector). The measurement head is moved with high precision
linear positioners (in X and Y directions). This system is capable of digitizing paint-
ings as large as 2000mm x 2000mm. For such painting, the number of collected
points is 40 * 10°. Equivalent 2D photo would have 40 gigapixels.

Fig. 1. Automated system for digitization of paintings

Even with high-precision positioning system some problems arise because of de-
formations of crossbeam during measurement head positioning. Moreover, the scan-
ner can be rotated in any direction (with some limits) to overcome the effect of light
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reflection on the painting’s surface. This movement, introduced at the digitization
preparation phase, along with crossbeam deformations cause misalignment between
subsequent directional measurements which have to be corrected.

The second problem which needs to be addressed is non-uniformity of lighting. In
classical photo documentation systems, brightness uniformity is easier to achieve,
mainly because they usually are placed far from the painting (for example 2m.), thus
there is a lot of place for professional, shadow-less lighting system. In the presented
system, working volume is about 0.4m from the scanner and positioning system, thus
no lighting system can provide even lighting of the whole painting. Because of this,
for texture acquisition, light right around the detector lens is used, however due to the
non-zero angle between its emitting surface and the painting, non-even light field is
visible. Moreover, DSLR lens introduces vignette effect. As a result, after integration
into one model, color is not uniform (Figure 2). Commercially available applications
for high-resolution photo documentation utilize various algorithms for optimization
the brightness between adjacent photos [10,11,12] nevertheless the result is not al-
ways perfect and due to their closed-nature it is not known if the final color is not
tuned, optimizing the “looks” not quality of documentation.

Fig. 2. Fragment of a painting composed from 36 directional measurements without any light-
ing non-uniformity correction

In this paper, procedures aiming at eliminating the effects of stated above problem
are presented. The second chapter contains information regarding geometrical correc-
tions needed to overcome problems related to crossbeam deformation and non-zero
transformation between measurement and positioning coordinate systems. In the third
chapter, solution for non-uniform lighting is presented, while exemplary digitization
results are presented in the fourth section of the paper. Final chapter contains sum-
mary and the directions of further works.

2 Improving Accuracy of Model Integration

In the process of creating 3D model of digitized object, directional measurements are
integrated into one entity. The position of each cloud within this entity is a function of
position and orientation of measurement head during measurement process. This function
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describes transformation between coordinate systems of scanner and positioning system.
In order to use (known) positioner coordinates to align directional measurements, one has
to know said transformation. The process of calculating this transformation usually con-
sists of three stages [9]:

1. Measurement of calibration unit from few positions of measurement head

2. Integrating (automated or manual) measurement results into one model

3. Calculating relation between coordinate systems basing on information about
position of measurement head during scanning and transformations which had
to be applied during measurements integration.

As such, the process is not very complicated, however the quality of integration of
measurements is crucially important. In order to minimize the effect of potential inac-
curacies of integration, the measurements should be taken with as distant scanner po-
sitions as possible, usually at different angles (Figure 3a). However, the system pre-
sented in this paper does not have enough degrees of freedom to look at object from
different angles, only translation in one plane is possible (Figure 3b). Because of this,
it is enough to calculate the transformation between this plane and plane XY of scan-
ner coordinate system. In order to simplify processing of data from directional mea-
surement, a diffusive white sphere was chosen as calibration unit. It is trivial to ex-
tract its surface from other elements present in directional measurements and it is easy
to calculate the center of a sphere basing on some part of its surface. As any three
points define a plane (as long as they are not collinear), it is enough to measure the
same sphere from three different positions of scanning head (typically the head is
moved along each axis once) to obtain definition of a plane in both coordinate sys-
tems. The calculation of transformation required to cover those two triangles is
straightforward.

a)

Fig. 3. Positions of the scanner during calibration measurements; a) for classic multi-degrees-
of-freedom positioning system, b) for system described in this paper

Unfortunately, such calibration as presented above is correct and valid for infinite-
ly stiff system. In reality, the crossbeam which holds the measurement head, bends
and twists, and the amount of bending changes depending on the horizontal position
of measurement head. The similar effect is present for vertical beams, but as they are
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much stiffer, it can be neglected. The bending and twisting of horizontal beam has to
be corrected though, because it causes small, but visible misalignment of directional
measurements (Figure 4).

The idea of calibration of beam deformation consists in performing a round of
coordinate systems calibrations, for different positions of measurement head along the
crossbeam. Afterwards, basing on transformations between systems obtained in few
points within horizontal movement range, for each component of transformation, po-
lynomial is best-fitted, thus making it possible to calculate optimal transformation for
any position of calibration head (Figure 5).

Fig. 4. Misalignment between measurements caused by bending and twisting of positioning
system. The misalignment is clearly visible on edges (marked with red color).

Fig. 5. Directional measurements alignment after corrections

3 Restoration of Lighting Uniformity

At the first stage of texture measurement, acquisition of the highest possible quality
input data is the most relevant. As mentioned earlier, use of shadow-free studio light-
ing is impossible due to the shadow cast by scanning head moving close to the surface
of the painting. Close-up light ring is used as the best alternative. It produces soft and
nearly shadow-free light. To reduce reflections appearing on shiny parts of painting,
two images are combined. Left and right side illuminated images are blended together
using maxima-suppressing averaging filter. Scans at this stage are shown at Figure 6,
further improvement of the texture quality is performed in post-production.
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Problem of lighting uniformity restoration is related to correction of image mosa-
ics. For system presented in this paper and quasi-flat objects like painting, non-
uniformity of measured texture results mainly from:

1. DSLR lens vignetting
2. varying distance between 3D scanner head and paintings’ surface
3. non-even light field produced by close-up light ring

This non-uniformity can be well described by a radial vignetting with centre offset
and exposure variations, just like with panoramic images. Therefore image mosaicing
correction approach, described in [13], was adapted to this slightly more complex 3D
solution - estimation of vignetting and exposure from overlapping clouds of points.

Instead of 2D images our input data are 3D scans. After cloud of points final
alignment, corresponding 3D point pairs between the clouds are extracted. For a given
point (from the area of clouds overlapping), the closest points from other scans are
found and linked. Choice of appropriate search radius has a significant impact on the
time of calculations. From all found point pairs, we select only those satisfying further
criteria. By choosing corresponding points in areas with quite uniform texture, sig-
nificant numbers of outliers can be removed. Pairs of points with difference in satura-
tion or lightness significantly higher than average value, can be ignored as outliers
too. Finally, we sample about 10000 point pairs uniformly distributed in 3D space.

The essential part of the lighting uniformity restoration procedure is calculation of im-
age rectification parameters with [12] software. Exposure correction, polynomial vignet-
ting and offset of vignetting centre coefficients are calculated. In specific cases camera
sensor’s response and white balance correction coefficients may also be estimated.

Fig. 6. Aligned scans before (left) and after (right) lighting uniformity restoration

At the final restoration step, clouds of points are treated just like 2D images. Every
single cloud is corrected, while points are treated as pixels of the image. Final result
of lighting uniformity restoration is shown at Figure 6.

Texture quality improvement is clearly visible and proven by decrease in CIE AE
colour difference between points in overlapping areas. What is more important, with
known exposure, the scene radiance may be recovered [10].
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4 Exemplary Digitization Results

Exemplary results of digitization process performed with the system presented in this
paper are shown at Figures 8 and 10. The first painting, self-portrait of Adam Bunsch
was digitized with 412 directional measurements. The second painting was digitized
with 188 measurements. Average number of points in one directional measurement is
about 11 * 10°.

Two different styles of paintings were chosen for the project to show the accuracy
of the measurements and the system's ability to present details which are difficult to
notice by human eye. The first art work consists of many thick layers of paint and the
brush strokes are clearly visible. On the other hand, the second painting was created
by artist specializing in the visions in surreal style. His linear, delicate, smooth work
has almost academic "fini". The system and precise measurements provide informa-
tion on a very high level of accuracy. Mentioned details can be properly shown and
emphasized in our software, capable of real-time visualization of such large 3D mod-
els, by the manipulation of digital light model. The final user of the software can ap-
preciate the expressiveness and uniqueness of the artists' gestures.

Fig. 7. Adam Bunsch, Self-portrait, 1969, oil on canvas, 60 cm x 45 cm, view of the whole
painting

As a matter of fact, the closer look at the second painting proofs that it is not en-
tirely flat and that it also has its unique texture. This kind of knowledge is essential
not only for art historians or conservators but also when trying to identify and elimi-
nate the problem of art forgery.
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a) ) c)

Fig. 8. Adam Bunsch, Self-portrait, 1969, details (a,b,c) — close-up on the dense cloud of points
(region of the right eye). Brush marks details are emphasized with a directional digital lighting.

Fig. 9. Maksymilian Nowak-Zemplinski, Submarine, 2011, oil on wood, 36cm x 14 cm, 3D
view of the whole painting

a) b c)

Fig. 10. Maksymilian Nowak-Zemplinski, Submarine, details — dense cloud of points with de-
tails accentuated by a directional digital lighting

5 Conclusions

In this paper, algorithms and methods for optimization of 3D digital model of painting
is presented. As a result of their application, the model is of much better quality, al-
lowing to treat it as a real, professional documentation. Those methods are not very
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complicated, nevertheless, to the best of our knowledge, there is no equivalent for
them in existing systems for digitization of similar objects.

In the future, we plan to exchange measurement head to the one capable of acquir-
ing multispectral data (directly mapped to points). We have designed such a device
[14], but the integration into automated positioning system is somehow cumbersome
due to its size and weight. As for the method for improving uneven lighting condi-
tions, we plan to extend it to objects which have much complicated shapes (for exam-
ple sculptures).

We hope that growing popularity and quality of 3D documentation of paintings
will open a new opportunities for analyzing this kind of works of art, not possible
with simple 2D photography.
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