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ABSTRACT

The presented work is led in the framework of a general coliaiion between three academic labs, industrial partneds a
Cultural institutions (Centre des Monuments Nationauwyure museum). Such a pluridisciplinary work always in pesgrat
Ecole Centrale Paris deals with 3D digitization, simulati@apid prototyping, virtual restoration applied on a frermedieval
sculpture. The main purpose is to virtually represent agiolyme statue of the XllIth century in high quality specteaidering,

to simulate its visual and original appearance at that defitlle complete process used throughout all the phases pfdfext
mainly involves optical devices that ensure no physicatadnwith the museum object. This article describes the terap
chain of engineering resources and the main models we usaddomplishing our objective. From 3D capture without ecit
to plaster replica, the complete process will be descrilmetilaustrated with images and objects during the confezei@ome
sequences extracted from the didactic and scientific m@riaduced will also be presented.

Keywords Ray-tracing ; spectrophotometry ; 4-fluxes model ; scubptwirtual restoration ; gilding ; painting.

The presented work takes place in a previously de-
fined general framework known "OCRE method"
(Optical Constants for Rendering Evaluation)
[CALLET, 1998], developed by Patrick Callet and
describing the optical behaviour of materials on the
basis of their fundamental properties.

For metals and alloys we naturally used their com-
plex indices of refraction, either computed or carefully
measured, but, in any case always validated by mea-
surements. These indices were measured or validated
by spectroscopic ellipsometry. These previous impor-
tant results are very useful for the rendering of the
Figure 1: The recumbent statue of Philippe Dagobert igjolden parts of the statue.

Saint-Denis Basilica (13th century AC). Moreover, the last study about the visual influence
of the under-laying paint, called "bole", on a gilded
1 INTRODUCTION surface has shown the importance of the transparency
of a thin metallic gold film and of the associated
A collaboration with the "Centre des Monuments Nassmall cracks due to the application process (called
tionaux" (CMN) helps us to elaborate a new project "burnishing”)[DUMAZET et al., 2007].
the study of a po.l)_/chrome medieval statue, t_he recum- \we deal with modelling and representing the paint
bent statue of Philippe Dagobert de France (circa 12225 51erials using spectrophotometry and extrinsic physi-
1232 AC) in the Saint-Denis Basilica (Fig. 1), the royalo| narameters such as the paint film thickness and the
necropolis in the north of Paris. concentration of each species of pigments. To achieve
this goal, we used an extension of the Kubelka and
Munk theory : a four-fluxes approach of the multiple
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redistribute to lists, requires prior specific permissiod/ar a fee. der to study the pigments and binders that were proba-
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Figure 3: (left) 3D digitization using structured naturdiive
’ ) light. (right) 3D colorless model displayed with Catia soft
Figure 2: Philippe Dagobert - (left) Stained glass windowware (Dassault System).

drawing, (right) Drawing of the tomb with its recess.

2 HISTORICAL CONTEXT

This recumbent statue has been chosen for its remal
ing polychrome traces (Fig. 1) and also because it w4
representative of the fine middle Xllith century funera
sculpture. It concerns the Philippe-Dagobert’s tomb,
young Saint-Louis’s brother born in 1222 and dead i
1232_ and buried in Royaumont (North of Parls_). Figure 4: 3D model cut up not completely decomposed in
This statue has encountered several dramatics eventgior parts.
With the french revolution, it has been transferred in
Saint-Denis in 1791, then damaged in 1793-94 and dg

serted until 1796 when it has been preserved in th enerally replaced by a trichromatic description of the

Musée des monuments francais 1816 it returns to ctual colors.

Saint-Denis. In 1820, the architect Francois Debré 0i3.1 3D shape acquisition and virtual re-
der a restoration campaign but, as Baron de Guilhermy construction

has published [de Guilhermy, 1848], this works was . . . o

already severely damaged by the time in 1848. Thehlk€ Previous projects, the 3D digitization has been
the famous architect Viollet-le-Duc, between 1860 an erformedn situ (in Saint-Denis Basilica) after public

1867, inspired by the original pieces, rebuilt entirely th ours, WithOUt, contac_t using an optical sys'Fem based
sarcophagus. on structured light projector and a camera (Fig. 3) from

Luckily, Millin could study and draw the Philippe- Bre-ukmznn cor;r)]. Abr_egular ][ight ang shhaggw gfid isf
Dagobert tomb in Royaumont as it was in 1790, jusfr:OJECte don_to tbeto JeCtI.SL;]rtaC% ar;] (; N |sto:’;|]on °
before it was transferred to Saint-Denis [Millin, 1791]. € boundaries between fight and shadows on the sur-

Most of his observations were confirmed by a drawface is recorded by the camera and analysed, in order

ing made in 1694 for Roger de Gaignieres, which rept_o extract a cloud of 3D points with a good accuracy.

resents a missing stained glass window in the Royat]——hIS gave us 167 clouds of 3D points used for recon-

t abbev-church with th : d 's_tructing the surface with RapidForm, a software from
ror: abhey-chiureh wi © yong prince up anc wea nus Technology corp. The final 3D shape of the tomb

ing the same clothes than his recumbent statue (left fi% ! :
ure 2). There is also an other reproduction of the origi recumbent statue on the sarcophagus) in full resolution
represents about 7,5 Million triangles (Fig. 3).

nal coloured drawing conserved in the Bodleian Library
in Oxford (right figure 2). 3.2 Spectrophotometric data acquisition

As attested on the picture (Fig. 1) there are still som$he portable spectrophotometer (USB 2000 series

traces of paint and gilding on the stone at the contrar i N .
P 9 9 éom Ocean Optics corp.) consists in a set of optical

of the other graves gathered in the basilica. First w C . _
have tried to retrieve the used pigments with a methoFJberS gwdln_glgl a c_allbrated light ZpurCE (abhall(ogen Iamdp
based on spectrophotometry without any contact. Th HrhCIEI;)QS |fym|nanrt]) slurrouq Ing the backscattere
it was decided to take some samples for discrimina?“g t guiding fiber. The latest 'S connected to a spec-
chemical analyses. trometer_ Whe_re a 102{1 _phot_odlodes array tran;forms
the received light in a digital signal. We then obtain the
diffuse reflectance factor of the paint according to the
3 DATAACQUISITION visible wavelengths domain (from 386 to 78m).
Two kinds of data are necessary for the visual recorAlso in situ, we captured spectral information on the
struction of the statue. Shape and spectrophotometriemaining traces of paint thanks to a spectrophotometer
informations are required. The first one is more frewith optical fiber useful for further analyses and
quently used in computer graphics while the second imaterial characterization.



Which of them were used in the specific case of
Philippe Dagobert’s recombent statue? The recorded
diffuse reflectance factors, obtained by the only
possible analysis involving a non-destructive method
allow us to compare them to the results obtained by the
chemical analysis for validation and simulation.

We also need to specify which part of the global
Figure 5: Spectral data acquisitionsitu, reflectance factors reconstructed shape would be associated with each
layout and analysis. kind of materials (pigments and binder or/and gilts)

(Fig. 4).

4 THE KUBELKA-MUNK MODEL
EXTENDED TO FOUR-FLUXES
THEORY

Many works are related to spectral rep-
resentation of colours ([Sun et al., 2000],
[Rougeron and Peroche, 1997], [Devlin et al., 2002],
[Gondek etal., 1994]) and pigmented materials
in computer graphics ([Haase and Meyer, 1992],
[Baxter et al., 2004]) using the Kubelka-Munk the-
ory. Our first concern here was, to use an extended
Kubelka-Munk model to four fluxes to better fit a
| modeling of paintings and to realize our calculations
Figure 6: Medieval paint samples preparation. based on 81 wavelengths bands of 5nm over the visible
spectrum [380;780]nm. Our second concern was in our
The portable spectrophotometer and the recorded réntire process to constantly go back and forth between
fectance factors are shown in Fig. 5. our theoretical models and our measurements on real
As we need to compare and validate permanently olifaterials. And above all, helped with our collabo-
choices and models, we also used pigments and bind@tions to apply these concepts in an archeological,
samples prepared in the laboratory. We also made oghd historical approach. The Kubelka-Munk model
Spectra| measurements on these Samp|es (F|g 5) is almost well suited for the description of pigmented
L ) materials. These are described as scattering media,
3.3 Painting materials laying on a scattering background. The system is
During the Middle Age and more particular'y illuminated by a diffuse OrthOtI’OpiC incident ||ght
during the thirteenth century, we already know/t can be demonstrated ([Volz and Teague, 2001,
[Escalopier, 2004] what pigments are the most comCALLET and ZymMLA, 2004]), that an incident or-
monly used and also how the paints were applied ofotropic flux of light on such a film of thickness
the sculpture. h can be considered equivalent to a collimated di-
First, the artists start with two or three layers offéctionnal and normal incident flux on a paint film
ceruse, made out of water and white lead. This ste@f thickness B. This model gives the reflected and
enables to waterproof the stone but also enables thge transmitted fluxes from an incident light, normal
painters to rectify the surface defects of the stone b the layers across a paint film of thicknesdaid
coating. Then they apply several layers of paint, conon @ substrate. ~ The plain Kubelka-Munk theory
sisting of pigments embedded in a binder like egg (temlK UBELKA and MUNK, 1931] is then reduced to an
pera technique), animal protein or gum-resin. The mo&duivalent 2-fluxes theory involving two directional
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frequently encountered pigments are: fluxes of light and, according to the previous remark
_ _ _ _ above, one going downwaltd" and the other upward
e White : White Lead, White Chalk, Lime; L=. The layer of paint is a macroscopic scattering

and absorbing medium so we consider these two

* Black: Wood Smoke, Black Vine; coefficients: S and K, respectively the scattering

e Blue : Azurite, Lapis-Lazuli, Indigo; and absorption ones. These last coefficients depend
N on the pigments diameters and consequently on the
* Red: Vermilion, Red Lead, Red Ochre; granulometry distribution function. A fine grinding

involves an important multiple scattering inside the
paint film and gives a desaturated colour obtained
e Green: Green Clay, Malachite, Verdigris. without any addition of white pigments. This is a

e Yellow : Yellow Ochre, Massicot;
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Figure 7: Four-Fluxes theory: the directionkt { ~) and dif-
fuse L*,L7) fluxes, together with the boundary conditions.

Figure 8: Microstratigraphy of a paint scale taken on the
physical whitening only. Further works will use the green bottom cushion. Each successive layer gives informa-
micro-stratigraphy images for extracting a best estition about its mean thickness and the granulometric distrib
mation of the granulometry distribution function. Wetion of the embedded pigments. Magnification x20.
saw that the 2-fluxes model work on a scattering layer
deposited on a scattering background but there age a sample with the substrate only. It's reflectance will
cases where we have a paint layer on a gold leaf. That's pe notecRy ;
why we need the extension of the model to 4-fluxes
and, conveniently we use 2 additional, directionalep a sample with a totally opaque layer of the consid-
fluxes of lightl~ andl™. These two fluxes are added ered paint. It's reflectance will be not&d ;
to the model with the two previous diffuse fluxes, one
downwardL*t and the other upwart~ (as described ® a sample of a non-opaque layer of pigments on the
in [Volz and Teague, 2001]). substrate with reflectandé®and thickness.

The figure 7 shows the principle of this model. The )
incident light is then decomposed in a remaining direc- These measurements are made with a spectropho-

tional reflected light and an additional scattered lighfometer for the reflectances and we get the thickness
due to volume and surface scattering from the substrat With micro-stratigraphic images (Fig. 8).

Two specular components are then added to the classiN€Xt: we deduce the reflectanBg of a layer with a
cal Kubelka-Munk model. thicknessh on a perfect black background:

4.1 Getting the model parameters Ro— Re(Ry—R)

The model need five parameteis,S, K, st ands™, re- Ry — Reo(1 = RyRe + RyR)
spectively the absorption and the scattering coefficient Then we geB, K the macroscopic scattering and ab-
for the diffuse light, the absorption, forward scatterin%orpﬁon coefficients:

and the backward scattering coefficients for directional
light. These parameters are fixed after a local radiative

(5)

1 Re | Ru(1-RoRw)

balance by the four following equations. Note that all S= hl1-R2 In Re — Ro (6)
the involved terms are wavelength dependent.
11— 1-
dIt = —(k4+s"+s)l"dz (1) K=%1+§:In R“EQWRROOR“) (7)
—dlI” = —(k+s"+s7)l7dz (2)  Thefour-fluxes model requires the specification of all

dLt =sfITdz+s | dz— (K+S)L*Tdz+SL dz (3) thetermss,s; from the optical coefficients. Let:

—dL” =s ITdz+s"l1"dz— (K+SL dz+SL"dz
K K /K
4 a=1+—=, b=y/=(=+2
To get the parameters we start by computingkhend S S\S
s parameters by setting the fluxks and|~ equal to _
zero. Then the solution of the above system of equa- x=bh§  A=asinh(x) + bcoshx)
tions, leads to the plain 2-fluxes Kubelka and Munk ex: ; .
. . from which we deduce the following parameters
pressions. At this step we need some measurements on
some samples of the material we want to characterize. sinh(x)

b
To get them, we need to prepare three samples: r= A p1=a-—b, p2= A
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s=p(u—asS+qs Figure 9: Comparison of thin situ measured diffuse re-
s = pS—q(u+as flectance factors with those of their corresponding hand-
| = pS—

crafted samples.

wherep = 2in4 _ _ _ _
' wherex is the effective geometrical thickness of the

Finally we can deduce the absorption coefficient fopaint layer (equal td at normal incidence). We can

a very thin layer: educeRs:
h h
k=p—(s+s) RS(B"G’):A(cose)A(Tser) Rys(8,6r) (13)
1
4.2 Computing the reflectance Finally we can compute the final reflectance:
With the five parameters we can compute the re- R(8,6) = Ry +cos8)+Re(8:, 8) (19)
1 ¥r) — ( s\Yi, Ur

flectance of a paint layer with any thickndsand over

any background if we have the substrate reflectanGe use here a lambertian model for the diffuse contri-
Rg. Let Rgs(6, 6 ), the substrate specular reflectanceytion.

function andRy, the substrate diffuse reflectancé,

and 6; are respectively the incident and the reflectiorb SPECTRAL SIMULATION AND VIR-

angles. The computation of the diffuse pdRg, uses TUAL RESTORATION

the Kubelka and Munk formulas. We start by the . . ) .
calculation of theR., term: To achieve our goal, the optical properties of the paint

compounds are required. As we cannot alter the paint-

K K2 K ing in any way, we have to get the parameters from

Re = 1+§ Vg +2§ (8) methods that don't require any contact. We used a
methodology that rely on spectrophotometry and spec-

Then we can computey: tral sample matching. So we create some samples

(Fig. 6) of paint layers and tried to match their re-
(1/Reo)(Rg — Res) — Ro(Ryg — 1/Re)€3L/Ro—Re)  flectance factor with the ones measured on the statue.
(Rg— Reo) — (Rg— 1/Rec)eSN1/Reo—Reo) These samples were created with pigments known to
(9) be used when the statue was created. For example, the
For the directional partRs, we have to compute the spectral measurements helped in differentiating a lapis-
fluxesl* andl~. The forward part™ is computed with lazuli from an azurite film (Fig. 10). The first one has
(1). We get: two peaks, one in the blue wavelengths neamtband
the other in the red and the near IR wavelengths region
di*(z)/dz+ (k+st+s)IT(2 =0 (10) (780nm). Only one peak appears for the azurite pig-
ments. The Lapis-lazuli and its subtle reddish compo-

Ry =

and the solution to this differential equation is: nent is known as natural ultra-marine blue, very effi-
L cient for reflecting infra-red radiations (ideal paint used
17 (2) =1+ (0)e (kts'+s) 2 (11) forthe shutters in the mediterranean countries). We can

also notice that the two pigments have different max-
We obtain a similar formula fol~ from the equation ima in the blue region of the visible spectrum. One
(2). The absorption terA(x) is: exhibits a relatively narrow peak while an other has a
more flat and extended peak tending to cover the green
A(x) = e (ktsT+sT)x (12) shades region. Sometimes, a small amount of malachite
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Figure 10: Reflectance factors of the blue pigments, azurit
and lapis-lazuli depending on the paint film thickness.

in natural azurite can explain the reflectance curve agigure 11: First results obtained with only spectrophoteme
pect and also the greenish color observed on the sanme data and physical samples preparation. (left) Philippe
ple. Now that we have the reflectance factors of th@agobert'scappa magnaendered in lapis-lazuli blue pig-
pure pigments, we want to compare them to the ondgent by the radiosity soft\{vgre C?andelux. (right) Philippe-
we measured in the basilica on the recumbent statue R2goberts sleeves - vermilion pigment rendered with Can-
self. We have identified some of the pigments used Oﬁglux, opaque gold leaf C.O\'er.Ed lion rendered in ray-tgcin
. with Virtuelium. CIE D65 illuminants.
the statue. It seems that the pigment used by the artist
was identified as green clay, according to the reflectance . .
curves. We have made this kind of comparison for eacR-2 Material compositing
in situ reflectance factor. The blue areas seem to havehe main goal of this model is to permit the computa-
been painted with azurite. The reflectance factor of thon of multi-layered materials. As we can see on fig-
red cushion approaches that of the red lead. We cajte 8 a lot of paint layers often 3 or 4 are encountered.
notice that the recorded spectra in the basilica have he overall reflectance is obtained by computing the re-
weaker amplitude between their maxima and minim@iectance bottom-up, by using the previous reflectance
than those of the samples. This phenomenon expressgs substrate reflectance. Associated with the method
the fact that the colors of the sculpture are now very degresented in [DMAZET et al., 2007] we can compute
saturated. There are several reasons for that Whltenlr@qy mu|ti_|ayered paint system where we dispose of the
The paint layers are old and dirty so that the deposited, S k, s* ands~ parameters. Moreover, an approxi-
dust on the surface increases the whitening by surfaggation can be used for pigments mixing in the Kubelka
scattering of all incident light. More studies were necand Munk theory. The approximation of the resulting
essary to exactly determine the composition of eacR /Sof a such mixing can be computed by :
paint used to achieve this sculpture. Many samples of
different pigments have been elaborated. Therefore we K _ 3iGKi (15)

virtually created mixtures of pigments and compared S 5,GS

them to than siturecorded reflectance factors, accord- h e th | . . f the i-th
ing to the robust color matching methods. whereC; is the volumetric concentration of the i-t

component in the mixing. Therefore, we haven't done
yet the studies on the validity of using a such composi-
5.1 Samples measurements tion law on thek, s™ ands™ parameters.

The samples give also the parameters used by tf$e3 The metallic film influence

Kubelka and Munk extended to four fluxes. IndeedSome part of the recumbent statue are "just” gilded. So
for several pigments (green clay, malachite, black vingp make good simulations we have to be able to ren-
vermilion, and lemon ochre), the reflectance factorder metallic materials. For this we use the real part
for two and three layers tends to be quite similar, sand the imaginary part of the complex indices of re-
we will consider that the diffuse reflectance factorfraction of the metals or alloys. Then we introduce
for the three layers samples gives the teRn to them into the Fresnel formulas in the rendering pass.
determine the coefficients andS of these pigments. These indices can be measured on real polished plates
We measure also the thickness of the layers using sorbg spectroscopic ellipsometrgn optical method based
micro-stratigraphic images of these samples. on Fresnel formulas and the analysis of the amount of



the reflected and polarized light at large incidence o
a smooth surface. The whole theory of reflection o
light by a metallic surface is available in optics bookd
such as Born and Wolf's [BRN and WOLF, 1975] and
for computer graphics and lighting in ECLET, 2006,
CALLET, 2007] including (rare) quantitative data.

5.4 Spectral simulations

With a correct characterisation of all materials ang
their state of surface (waviness, roughness, paint-fil
thickness), the lighting conditions and a standar
colorimetric observer (CIE 1964 1) we can
compute the restored visual aspect of the museu
artifacts[Pitzalis et al., 2007].  In order to produce
the rendering we use our multithreaded raytrace
Virtuelium It is a multispectral raytracing software
using generally 81 spectral bands of 5 nm Width‘) \ \ e .

ranging from 380 to 780 nm. It can also handle Iighkk ‘ ' \ R '
polarisation and rely on CIE standard illuminants andrigure 12: The actual most plausible colors of the medieval
colorimetric observers. All the materials are not defingolychrome recumbent statue of Philippe Dagobert. Ren-
by radiative properties but by there intrinsic propertiesdering in spectral ray-tracing by Virtuelium on an INTEL
So we use the complex indices of refraction for théentium4 3GHz dual processors computer in 8 hours for a

metals or the dielectric materials. We use four fluxe$200x1200 resolution, 1Gb RAM and running under the op-

parameters for paints. The algorithm, itself, used hergating system GNU/Linux - Fedora 5.

is a simple ray tracing with just direct and specular
illumination. We use an octree to speed up the con® CONCLUSIONS

putation and take benefit from multi-processor/corgye went one step ahead in our knowledge and know-
computer. According to the physical parameters ex,qy of cultural heritage engineering and physical mod-
tracted from microstratigraphy and spectrophotometrigis for materials rendering in optical simulation. Till

measurements, we have computed with the 4-flux§gyy we worked with standard illuminants such as CIE
model and Virtuelium, the image presented in Fig. 125 pgs or E illuminants. We shall need for these studies
Thus, the successive layers with their thickness and petter knowledge on natural lighting by stained glass
concentration as plausible for the Xllith century canyingows and all other anthropogenic lightings used in
appear. We have made many simulations with differenfe medieval era. For also improving the rendering of
standard illuminants and with characterized real light,e complete sculpture, the canopy and all the gilded
sources. Some parts of the sculpture as the prince&gnaments will be added to the 3D model along with
face or the angel head were probably painted ithnoton mapping and texturing. The second part of that
a cinnabar and vermilion mixture. No visible traces,giect will gather all the acquired new results and will

permitted to confirm that point and we decided 10554 produce a new video movie translated in many lan-
render the corresponding parts with the only white 'eaauages.

in a totally opaque layer.

We computed the virtual restored aspect of the mMeACKNOWLEDGEMENTS

dieval sculpture with the following materials : . e .
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Denizet and Marie-France Monanges for video as-
e Philippe Dagobert hair: 200 nm thick gold leaf onsisted by many students. Colleagues in Laboratoire
yellow ochre substrate ; de Recherche des Monuments Historiques, Vincent
Detalle, Olivier Rolland and Annick Texier worked
e upper cushion: 50 % red lead and 50 % cinnabar ; on microstratigraphy, paint analysis and gilding. The
Centre des Monuments Nationaux and the Saint-Denis
e lower cushion: not completely opaque layer of malabasilica scientific and history team with Jacqueline
chite pigments. Maillé, Georges Puchal, Robert Lequément, Alain
Erlande Brandenbourg, Francoise Perrot and Serge



Santos.

In Louvre museum, Pierre-Yves Le PogarfEscalopier, 2004] Escalopier, C. (2004)Essai sur

gave access to an essential and original colored piece divers arts. Théophilus moine artisan du Xlle siécle.
while Nicolas Hueber at Ecole Nationale Supérieure Texte intégral traduit du latin par Charles Escalop-
d’'Arts et Métiers realized the physical replica assisted ier. Paleo.

AXIATEC facilitated the physical realization and
sponsorship.
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