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Abstract

Stone conservation at Chambord Castle and monjtasfnits changes over time is actually an
urgent necessity in order to preserve and enhdnsehistoric and tourist site. Its porous stones
suffer from degradation problems depending on maysand chemical parameters that are the
origin of frequent restorations.

The goal of this research is to supply authoritiethe castle with a tool for scientific monitoring
and decision support, based on the acquisitionltefagion mapping and on the estimation of
degradation patterns, in order to permit ratiomagpamming operations of restorations.

This paper proposes an approach for digital doctmtien about the conservation state of
buildings. The approach is based on the connebiitween a structured 3D model and structured
2D mapping data. In particular, in the NUBES welatform, a specific interface has been
implemented, permitting the display and cross-exfee of 2D mapping data on the 3D model in
real time, by means of structured 2D layer-like @ations concerning stone degradation, dating,
and material.

Heritage conservation / 3D information system / stte degradation mapping / Vector
graphics / 3D reconstruction / photomodeling

Research aims

The conservation of heritage buildings relies oagdbsis on current status and restoration
interventions. Therefore, it is based on variouslgiof investigations and analytical data. For that
reason, the amount of heterogeneous data collectdteritage buildings (concerning historical-
artistic documentation and technical and scientdimords), should be relied in order to extract and
display significant information. For this reasohe taim of this research is to define a new tool,
belonging to a web-based documentation 3D platfdion,the mapping and display of stone
alterations on cultural sites. This tool could bsedi by different experts responsible for
conservation (such as conservators, architecentstis, curators, operators, analysts, consujtants
and could support the stages of maintenance andgtariag that are preliminary to all restoration
works.

1. Introduction

In the field of heritage conservation, various istigations are carried out to diagnose the
current status of the building and future restoraiinterventions. Investigations concern several
kinds of information such as historical-artistic cdmentation, technical and scientific
documentation, and maintenance and monitoring B&tioThey are executed by different
conservation experts (such as conservators, acthitecientists, curators, operators, analysts,
consultants). Experts in heritage conservation leaadwide variety of data collection (such as

photographs at different points in time, core saspkhemical analysis reports, description of



interventions, etc) useful for several purposes. @@ hand, the analysis of degradation
pathologies allows experts to determine the curstate of buildings; on the other hand, the
detection of deterioration causes permits to eséirpassible evolution of degradation in time, to
define monitoring, restoring, and prevention ogerat. For this reason, technical data produced
during the monitoring stage should be related toheather and crossed with historical and
documentary data. This essential step will perhatexperts to describe the visual appearance of

monuments, determining the deterioration statefanule phases of intervention.

1.1. Related works
In recent years, the field of Cultural Heritagek@alvantage of the use of digital collections
of 3D data. Introducing and displaying 3D data@dilons have changed the working approach in
respect to perception of information, ways of aso@sand exchanging knowledge, and methods
for interpreting and analysing data have been rietlifVarious techniques and approaches have
been developed to acquire accurate 3D models,rtctste information and to facilitate data
manipulation/interpretation according to the anialg®als.

In the panorama of current research, some workssfon the acquisition of an accurate
3D model using photogrammetry and laser scanniogniques with the aim of analyzing 3D
artifacts [1-4]. Such 3D acquisition techniquesdoiee rigorous quantitative metrics data that, on
one side, can be enriched by colorimetric valuetextfures or by reflectance values returned by
material [5], and on the other side, allow thremelsional information on the monument to be
extracted [6], [7]. Furthermore, some hybrid [&]] nd automatic [10] procedures are developed
and include the acquisition, the geometric and omaéiric processing, the 3D information
reconstruction and the display of the visual apgese of the monument.

Some other research focuses on the structuringg@éldcollections in order to facilitate data
retrieval and analysis. If certain works are basedhe semantic characterization of generic 3D
shapes [11] and on operators describing the sequeinthe modelling process [12], [13], fewer
works seem to semantically segment complex 3D nsottelannotate heterogeneous data in a

display device [14], [15]. In this area, among exsh that connects heterogeneous data to the



graphic representation of buildings, few studiesn aat using various photogrammetric
characterization techniques to define, manage, digplay the state of conservation and the
intervention operations of heritage sites [16—I%lese approaches combine hierarchical heritage
data to information systems based on GIS (Geograpffiormation System), through the
structuring of 2D geometric entities organized inultiple layers. Since data structured in
hierarchical layers preserves geometric informatite displayed information can be filtered
according to the analysis goal. Finally, very dittesearch in the field of conservation uses these

tools to improve the diagnostic process on buildifig, [20-22].

1.2. Fundamental problems and aims

In the management of cultural heritage, two majmbjems have been revealed by these
recent study applications.

Firstly, knowledge concerning the current statearfservation of monuments is related to the
collection of a heterogeneous corpus of data caoimogrtheir morphology, the analysis of
biological, physical-chemical and mechanical detations, the definition of triggering factors of
degradation (physical and environmental parametarsill, their history.

If the goal is to establish a link between the stagf description, analysis and monitoring of
buildings, the fundamental problem of cross-refemem heterogeneous data should be taken into
account. To this end, an important requiremenbisgsemble and display structured data in a
unigue system taking into account the 3rd dimensiamd providing the relation between
structured 3D geometric data and structured 2D igpgata.

Secondly, charges for the restoration of histoiiessare often a compromise between the
definition of intervention operations, their cosasid their length. The control of budgets is very
complex: sometimes only urgent operations are pagd and sometimes monitoring is difficult
to accomplish. For this reason, it is necessargotsider technical solutions to cross-reference
analytical data and to interpret it in a satisfagtway, in order to help experts to anticipate fatu

changes and future restoration projects.



This is the case in the Domain of Chambord, whosgative is to propose a plan of
restoration operations over 12 years. The SACREareb program (http://www.crmd-sacre.com)
aims to give managers a rational tool for monitgramd preventing stone damage. Particularly, it
should facilitate site maintenance and monitorjpignning of future interventions, and execution
of restoration actions. In order to achieve thislgseveral steps have succeeded. Firstly,
heterogeneous data on the site of Chambord wagrgatl{such as bibliographic information on
the construction time and stone replacement, phapdg campaigns on degradation, stone
samplings, and meteorological data); secondly3ihenetric information was collected in order to
constitute a 3D model providing the basis for daenagalysis. Finally, a specific interface for the
description and analysis of stone pathologies weated. This interface has been integrated into

the NUBES 3D Information System.

This paper is organized into the following way. @&t 2 details the specific site of Chambord
Castle and its data collection. Then, section 3rémes the methodological approach adopted for
the 3D model reconstruction constituting part a$ tthata set. Section 4 begins by laying out the
guiding principles of the 3D information system pthal to collect data and then looks at the
informatics development specific to the descriptadnrdamage analysis. This section details the
relation among data, specific queries and suggeste examples of possible application. Finally,

the last chapter assesses some limits of the agipeoal some further studies.

2. Methodology

2.1. Selection of site

The Castle of Chambord, in the French region “@ents a significant example of the urgent
need for new tools for managing cultural heritage #or predicting restoration campaigns. In fact,
its XVIth century castle (the biggest French casecharacterized by various and very sensitive
types of limestone requiring expensive and regulastoration operations. Urgency and
unpredictability of operations makes the controlopkration budgets very complex. In fact, as

major cracks appear regularly on stones of the mfegade, stones need to be substituted for



tourist market demand (the castle is one of thet wisged in France). Thereby, this site provides
an important amount of data about the history efamtion works executed in the past centuries
and meanwhile needs the programming of future rastm works established on the basis of
health and aesthetic criteria. The SACRE projeablires three main parts of the castle: the South
facade, the East Tower and the stables of the “thalede Saxe”. Most of the examples referred

to this article concern the East Tower.

2.2. Data collection and organization
Currently, a heterogeneous corpus of data has lga#mered in order to describe and
understand the history and the current degradatate of Chambord Castle (Fig. 1):

« Ancient documentary tex{sotarial acts detailing purchase dates and tgestones),
technical documents(quotation detailing cost estimation for restaa) and
iconographic sourceghistorical photographs, plans, and engravingsyied from the
departmental archives of Loiret (Orléans) and oir+t-Cher (Blois), from the DRAC
(Orléans), and from the library of Architecture aaltural Heritage [23].

« Lapidary signshave been detected on the surface of some stbheg.consist of various
different marks effectuated by master stonemasamnts even workers in the XVith
century.

« Mapping of degradationsffectuated by in-situ observations, and layingtoe glossary
published by ICOMOS [24}napping of stone dating and stone provenabganeans of
historical archives support. A comprehensive mapjsravailable on the south facade of
the castle and the East tower.

e Sampling reportandcoringsbased on observations on the site, concerningralogical
and chemical analysis (Scanning Electron Microscogyay diffraction powder and
mass, thermogravimetric analysis) and micro tektarelysis (optical microscope and

MEB, Helium pycnometer, Mercury porosimetry).



« Meteorological dataand sensor data(rainfall, wind direction and intensity, relative
humidity, air and stone temperature) acquired enBhst Tower since 2010 and actually
ongoing.

e Topographic surveyand point cloudsof some parts of the castle, obtained by laser
scanning performed with a FARO Focus 3D laser ssamguipped with a mounted
camera for visual rendering.

e 3D modelof the most relevant parts of the building realisesing measurements by
tachometer and photogrammetry techniques, and itdimgy the graphic support to

analyse surface alterations. See the next seaiiaihé methodology approach.

2.3. Methodology for the 3D reconstruction

Generally 2D approaches [17], [18], [25] for thelysis of surface degradations are based on
two dimensional views (such as orthophotos) lingitthe description of the conservation state to
only the faces orthogonal to the direction of petijn. In contrast with these methods, this
approach is based on the 3D reconstruction of thi&dibg. In fact, 3D modelling provides
complete spatial 3D data for the analysis of degfiads. In this case, the 3D restitution of the
geometry and the appearance of the castle is basguhotogrammetric techniques [26]. The
choice of the methodology used is based on a camipeobetween speed of execution, cost, and
relevance of the collected data, in view of achigvihe database. A comparative study between
the use of photogrammetric techniques and survetgolniques to reconstruct the East tower is
available at [27], [28]. The whole procedure is poged of various stages described in the

following paragraphs for the East Tower of the @ast

2.3.1. Topographic survey
This phase consists in localizing reference paintshe whole monument by using a total station.
80 survey points have been acquired for the whmlestt using a Leica total station. Topographic
station changes have been made on the basis ahtspoangulation so to minimize positioning

error. These points allow us, on the one hand,efind the reference system of the 3D model



obtained in the next phase, and on the other Hamdetrically validate the results of the phase of
camera calibration and orientation. The coordinate$ of the topographic points are used to
specify the localization of the same points in 8i2 model, and it is based on a least square
adjustment. This step allows the reference systetheo3D model and its scale to be obtained.
The remaining topographic points can be used tonat the uncertainty of the 3D model.
Uncertainty is calculated by computing the standdediation between the localization of a
topographic point and its corresponding point oa 8D model. After having compared the

coordinates of 40 points, the resulting standaxdadien was about 2 cm.

2.3.2. Photomodeling
This technique uses the principles of photogramynttrobtain the 3D model of the building
starting from photographs. In order to model thiéedint parts of the Castle, we followed four
main stages. For more details, see [29].

e Snapshot acquisition.By means of a digital bridge camera of 10 Milljpirels, different
acquisition techniques have been adopted accotditite morphology of the main body.
For instance, in the case of cylindrical parts fsas the East tower) an acquisition
procedure by convergent axes has been used. Foey-bhotographs have been acquired
around the tower, covering the whole surface. Avdighumber of photographs (taken at
different depth levels with 2/3 focal distancesasdl as a higher definition for the digital
camera can improve the calibration process.

« Camera calibration. During this stage, the user manually selects tisitipn of a set of
control points on consecutive snapshots. The defimiof each point on different
snapshots allows an algorithm of the adopted soéu@detect the same points in space,
by intersection of two epipolar straight lines (Fig). By means of this resection
procedure, the extrinsic parameters (camera pos#itd orientation) and the intrinsic
ones (focal length and distortion) are defined. ftoge points are detected on snapshots,

the more the error level reduces.



« 3D modeling. This phase is based on oriented photographs aoihejec projections,
and consists in creating 3D objects and surfacesrder to get 3D geometrical objects
coherent with the basic principles of the interfdoe degradation description, the 3D
model has been conceived according to the followénideria: firstly, it has been
necessary to structure the 3D model in smaller edeiments established according to
architectural criteria (such as spans and pillarshe facade); secondly, each 3D element
has been conceived with perfectly jointed, unclosed no secant surfaces. This second
aspect is required for texture extraction needg. (8).

» Texture extraction. This stage consists in deforming or blending catiébd images to
create textures that are so projected on the 3Dem@rticularly, for each 3D object,
one single texture has been extracted by defiriegltV projection on the 2D map. By
default, the software calculates an average pldmnvit extracts textures from the faces
of objects. According to complexity of 3D shapé® most adequate projection technique
has been chosen so as to obtain homogeneous teXkige 4). In the case of convex
smooth surfaces (such as spans), a planar prajebis been chosen; in the case of
sharp-edged objects, the spherical projection leas lpreferred. In both cases, textures
have been unfolded (meaning that faces are mappewbntinuity according to the
orientation of the face); however in the most cawrptases, overlapping textures also
required a manual unfolding. This technique oftandpces distorted textures, but
optimises the readability of the texture file ifrgpared with broken textures (obtained by

multiple UV tiles).

3. 3D information system for conservation purposes

This work is based on the central idea that, ireotd evaluate stone degradation of buildings,
multiple heterogeneous data is necessary and 3Eicmeformation (photogrammetric survey
techniques) should be related to two-dimensionatrimenformation. In contrast with other

approaches based on 2D layer-like annotation tgalesi [17], [19], in this research the adopted



Information System is NUBES, an open source webtfgla for describing, analyzing,
understanding, documenting and sharing heterogsndata at the architectural scale [30], [31].

In order to collect data related to pathologiestohe in one single interface, this system was
implemented to enrich the 3D model with a struaudescription of mappings concerning

materials, degradations and the dating of stones.

3.1. Main principles
The NUBES platform is an information system based ao 3D database that provides 3D
geometric objects associated with attributes sjpeitifthe domain of architecture. This interface is
based on a three-part-architecture, as describg@d jn

e Storage of heterogeneous dataMySQL database organizes rough data derived from
survey, multiple representations and associatearnmdtion according to different user
profiles.

e Manipulation of three-dimensional geometric reprgs¢ions in real time.A 3D
interactive scene (Virtools DEV) allows 3D represgions to be downloaded, viewed
and manipulated.

e Consultation and management of online d&&lP pages permit the user to access data

stored in the database and provide interactiondwtvhe 3D scene and the database.

In order to identify the state of conservation ddritage buildings, this system has been
implemented with a toolkit specifically conceivedr frecording cartographies on stone and
displaying them on the fly on the 3D model (Fig. Bnally, the creation of a tool for managing
response operations would allow both the monitoofglegradation and the facilitation of the
management of interventions. Details on this sébois will be described in the next paragraphs.

For this reason, the process of enrichment of médion on the Chambord Castle stones is
based on three main steps:

e The uploading of textures, belonging to digital ralsd obtained by various techniques

such as laser scanning or image-based modelling3Dhmodel will constitute a support
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which is detailed enough to gather all data acquihering the project (see next section
for details).

e The recording of stone alterations and their digpla the 3D model. A free web-based,
Javascript-driven SVG editor permits the drawingdifigng of alterations in specific
layers. Alterations are so saved directly in thebase and uploaded on the fly in the 3D
viewer.

e The display on the fly of crossing cartography mage in the 3D scene. The 3D scene
constitutes a privileged environment in which tosalt cartographies, as architectural
discontinuities and points of joining between tliffedent elements are more readable.

Lastly, this platform allows the insertion of sdecipoints in the 3D scene such as those

corresponding to the photographs of details, icoaplgy, meteorological data, lapidary signs

or sensor data. These aspects and informatics ingpitations are detailed below.

3.2. Cartography managing
In order to qualify stone deteriorations, the NUB&tform has been integrated with a free web-
based, Javascript-driven SVG editor available @wtkb [32]. This interface is conceived to draw
surfaces and geometrical elements on a canvasandriage colour and opacity tools. Moreover,
it has been improved to allow alterations to bendrand modified in specific layers on the 2D
unfolded textures extracted from the 3D model. Mweg, it interacts directly with the database

and the 3D scene, as detailed below.

3.2.1.Texture upload
The interface, conceived for the managing of altena, interacts constantly with the 3D scene.
As a consequence, at the selection of an architdotlement in the 3D scene by the user, its
texture is automatically projected on the 2D irdeef for drawing purposes. Specific layers are
loaded according to database content. If cartograpappings are already drawn, the texture is

loaded with existing patterns already stored iV&Jile (see section 3.2.3).
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3.2.2.Drawing of patterns
With the support of the texture, analysis studes lse conducted with non destructive techniques.
Patterns can be drawn on specific hierarchicalriagencerning three main categories of analysis
on stones: degradations, dating, and material. Eatbgory is structured in hierarchical sub-
layers, each of them containing sub-types. As amge, stone degradation category is divided in
biological, physico-chemicabnd mechanicalone; i.e. biological degradations contain the sub-
typesmossesand lichens(Fig. 6). During this stage, each bi-dimensionatgra can be moved

from a layer to another one.

3.2.3.Data storage
When saving the document, the content of each l&y&wn vector patterns) is saved in the
database and uploaded on the fly on the 3D modem R technical point of view, dynamic tables
are upgraded with new data about new patterns,(beggcentre paths, etc.), and a set of data is
stored in the database (Fig. 7):
e Scalable Vector Graphic files for stratigraphic lseis purposes, (containing semantic
data on 2D shapes and on the hierarchical struofuttes geometry);
« raster images for 3D visualization purposes (dleefdir each layer and sub-layer).
In the database, cartographies can be saved, dealetmodified at any time of the process by

means of customized tools.

3.3. Data organization and display
In this platform, a variety of data can be dispthymd queried. Data display is possible by means
of several basic tools:
e Specific point insertion. 3D representations are connected to heterogerziasstored
in the database such as sampling reports, analysesgs, graphics, meteorological data,
lapidary signs, oriented photographs, and otherdgoaphic sources (such as engravings,
historical photographs, and sketches). A procegareits the linking of sources directly

to the 3D model by means of reference marks (BigF8 each added source, additional

12



information concerning the author, the date, theegary, the reference, etc. can be
inserted into the database.

- Pattern display on the fly. Cartography mappings can be displayed, queried and
compared directly on the 3D scene by means of iataigical list of items (concerning
categories, types and sub-types). As multiple kweéllayer can be selected at the same
time, this tool constitutes an aid for the underdiag of the most affected areas and
possible relations between stone degradations)glatid provenance (Fig. 9).

e Statistical analyses.As patterns are described by geometric informatioimen saving
cartography, for each pattern the area value i®dtm dynamic tables of the database.
Stored area values are used to display, at thetgeleof a 3D element, the percentage of
surface affected by any pattern (Fig. 10). We arialy implementing this tool to
display a graph for multiple selections.

* Intersection tool. An algorithm of computational geometry based o8] [Bas been
developed in Javascript language. It calculatesrsections between two paths so to
extract the meet points, the common area and tmratically display the resulting path
(Fig. 11). This feature allows first observationstbe relation between the area affected

by degradation and other qualitative aspects afes{dating and provenance).

3.4. Application examples for interpretation purposes

In respect of the previous descriptions, the ultergoal of the interface is to provide experts
with new methods to cross reference data in owénd correlations between data. Event thought
the actual data is still in process, some appbicegixamples can be mentioned.
This kind of study opens new fields of analysis ¥arious experts. For example, historians and
heritage conservators can benefit from a tool tmattralizes the collected data, for ad hoc
consultation. In particular, in the case of thetleasf Chambord, an analysis of the spatial
distribution of the lapidary signs of stones couédeal precious information on the temporal
progression of the construction site (Fig. 10). &ter, scientists in the field of conservation

could benefit from the comprehension of some spedaiegradation processes by crossing
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cartographic data for statistic goals (Fig. 11)isTfeature permits us, through the developed
intersection tool, to quantify the degree of catieln that relates a specific degradation with a
property parameter of the stones concerned (natlals, sun exposure, etc.). In particular,
statistical correlations could be defined betweegrddations and stone types (this query could
help in defining relations between pathologies araderials) or between degradations and dating

(so to underline relations between certain kinddegfradation and their temporal decay).

4. Conclusions & outlooks

This paper has demonstrated a need for the widespree of structured 2D/3D data in order
to manage cartography degradation patterns, t® @od interpret data. Some technical limits and
conceptual recommendations for further studies Ishio@ underlined.

From a technical point of view, this approach pisgma 3D model based mostly on unfolding
textures. This method reveals a good solution deoto display architectural elements that can be
hidden by overhanged parts. However, from a semanint of view, the structuring of patterns is
limited by the distorted appearance of texturesis Timit can be overcome by manipulating
directly photographs and by projecting semanticotations, drawn on photographs, directly on
the 3D scene.

From a conceptual point of view, this toolkit canges the basis for further studies consisting
of several aspects. Research in the near futunégslvoncentrate on the comparison of alteration
patterns with dating and provenance of stones bgnsyef computational geometry. By means of
the developed intersection tool, the statisticakrelation (alterations/dating of stone or
alteration/provenance of stone) should be intedraidhe tools of the interface.

Secondly, further research might explore the impgletation of this tool as a support to the
simulation of restoration sequences. In this regandimportant limit is the difficulty in defining

priority actions of restoration that are usuallypéd on “objective” and “subjective” criteria (such
as scientific and personal processes, socio-palliiciteria, tourist market demand, etc.). As a
consequence, by regularly monitoring affected ardéstool could enable the scientific extraction

of information as been the basis for a subjectivalumtion of sequences of restoration. In this

14



sense, in order to evaluate the “economic weightéstoration operations and to define priorities,

different restoration assumptions could be repteskand compared.
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Figure 1. From up-left to bottom-right, collectiaf data concerning: a) laser scan of a large
spanning (East Tower); b) removed spalling obsetyed binocular microscope (x8); c) lapidary

signs at Chambord Castle; d) coring on a stonhetastle.

Figure 2. On the left, convergent photographs aldhe East Tower; on the right, spatial camera

calibration and set of 3D coordinates of the tower.
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Figure 3. 3D model of the East Tower realised bytpimodeling techniques, structured according

to architectural criteria.

Figure 4. Upper figures: texture extraction by cudnd planar projection; bottom figures: texture

extraction by cubic projection and spherical onthwinfolded textures.
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Figure 5. Interface of the NUBES platform specifio the stone degradation pattern

documentation.
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Figure 6. Interface implemented basing on svg{eeé editor according to conservation purposes.

On the right, hierarchical layers concerning défetrcartography types.
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Figure 7. Example of set of images (vector ancerastored in the database for a span.
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