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Abstract

The effective implementation of preventive conservation approaches demands the employment
of standardized and robust tools able to integrate the data coming from multiple sources,
inspection and diagnosis techniques, as well as to ensure the proper information transfer between
expert and non-expert users. Aiming to make a step forward in the state of the art of current
conservation approaches, a cutting edge Web-GIS technology resorting to the intuitiveness of
360° panoramas and 3D point clouds in combination with the Internet of Things is presented in
this work, demonstrating how physical and digital worlds can be linked for proper documentation
and management of cultural heritage. To validate such a pioneering approach, one of the most

representative and complex heritage buildings of Spain is used as a case study: the General

Historical Library of Salamanca.
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1 Introduction

Preventive conservation can be considered as the most efficient approach for maintaining and
protecting heritage buildings and sites [1-3]. Unlike remedial approaches, this strategy is able to
save between 40% and 70% of the total maintenance costs by avoiding major interventions and
promoting systematic inspections and monitoring routines [2]. However, its effective
implementation entails different challenges [3], demanding the use of standardized and integrated
workflows for documentation, registration and management of the information along with proper
communication protocols between technicians (expert users) and buildings’ owners/managers
(non-expert users) [4]. In the light of these considerations, and given the absence of a systematic
policy, the European project HeritageCare (Monitoring and preventive conservation of historic
and cultural heritage, ref. SOE1/P5/P0258) has been promoting the implementation of a
hierarchical digital-based preventive conservation system in South-West Europe. This system
draws inspiration from the Flemish Monumentenwacht [5,6] — a public organization which
influences daily maintenance practices in The Netherlands and Flanders — but introduces new
substantial developments in the form of digital tools to keep abreast of the times and enhance the
quality of the services provided [4]. The HeritageCare system relies on three complementary
levels of services, whose main pillar is a systematic inspection and monitoring process supported
by the latest advances in digitization and smart technologies (e.g. photogrammetry, drones, laser
scanning or Building Information Modelling, among others [7]). Service Level 1 (SL1 or
StandardCare) aims at providing a feasible, low-cost and rapid condition assessment of the
heritage buildings; Service Level 2 (SL2 or PlusCare) is devoted to integrating the information
collected during SL.1 with an in-depth condition assessment of the building and its indoor assets,
including the monitoring of the most relevant physical and mechanical parameters; finally,

Service Level 3 (SL3 or TotalCare) integrates and manages all data gathered from SL1 and SL2
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through the Building Information Modelling (BIM). Focus of the present paper is to present the
PlusCare protocol in detail, exploring the role played by the main social actors (inspectors on the
one hand and owners/managers of the heritage sites on the other hand) within the entire

conservation process.

The integration of information from different inspection and diagnosis techniques, core of the
PlusCare protocol, is reached through the geoinformatics [8]. This discipline, which includes data
acquisition methods such as photogrammetry, laser scanning or remote sensing, promotes the use
of geoinformation approaches, for preserving cultural heritage, like Geographical Information
Systems (GIS) or Building Information Models (BIM) [8]. The former are rooted in the
employment of a geospatial database that is able to store a great variety of alphanumeric
information as well as raster and vectorial products, all of them properly geolocalized [9]. Thanks
to this ability, there are plenty of applications that use GIS for heritage preservation at city [10,11]
and building levels [12-14] in which the information can be filtered according to different criteria.
The latter have emerged as an intelligent management system focused on the creation of full 3D
digital models populated with meaningful attributes related with the materials, construction
systems, damages, monitoring networks, and the like. This information integration is carried out
within an interoperable framework, which makes BIM approaches a very powerful tool for the

management of preventive conservation plans [15-17].

Complementary to GIS and BIM, several authors have proposed in the last few years the use of
virtual tours as potential tools for integrating information related with the valorisation and
conservation of heritage [18-20]. The main advantages of these tools are the intuitiveness of the
output - obtained by means of 360° spherical projections - and its low-cost, requiring only the use
of digital cameras equipped with fisheye lenses or even as-built 360° cameras [18-20]. This way,
the information contained within the heritage system is statically loaded through the software
used for generating the virtual tour. Among these applications, it is worth highlighting the work

carried out by Sdnchez Aparicio et al. [18] which integrates 360° virtual tours populated by
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different information sources with a geospatial database for the valorisation of the Mediaeval

Wall of Avila, also featuring filter options in order to make advanced GIS queries.

Taking into consideration these developments, the HeritageCare project aimed to make a step
forward towards the systematic implementation of a digital-based preventive conservation system
for the historical and cultural heritage in Southwestern Europe. To this end, a new WEB-GIS tool
was developed to exploit the potentialities offered by the geoinformatics through the combination
of the latest advances in virtualization, Internet of Things (IoT) - i.e. monitoring networks, and
interoperability protocols. All these technologies are blended into a unique web platform called
PlusCare system, integral part of the HeritageCare platform. The system is complemented by a
robust geospatial database that allows for advanced queries in order to improve the user

experience through immersive virtual tours across the heritage.

After describing the main goals of the PlusCare protocol in Section 2, together with the methods
and materials used to develop and implement it, Section 3 discusses the application of this tool to
the General Historical Library of the University of Salamanca, one of the most relevant heritage
structures within the Spanish territory. Thereafter, Section 4 describes the user experience using
the PlusCare system. Finally, Section 5 summarizes the main conclusions emerged after testing

this new digital-based preventive conservation tool.

2  The HeritageCare digital-based approach
2.1 The PlusCare protocol

As highlighted in the introduction, the main goal of this work is to show in detail the development
phase of the PlusCare protocol, which corresponds to the second service level (SL2) of the
HeritageCare method. This level is conceived to increase the knowledge of the inspected heritage
buildings and related indoor assets, integrating and complementing the information collected in
SL1. The protocol includes two similar workflows depending on the existence or not of a previous

SL2 inspection (Figure 1).
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a)
Service Level 2 Service Level 2 Service Level 2
Prior to inspection During inspection After inspection
« Data collection from SL1 « Protocols for 3D + Data processing :
« Search of Cartographic data rec ruction « Fusion of 3D information
« Choice of 3D recording « Protocols for panoramic » Geodatabase design
methods images acquisition « 3D virtualization
« Equipment selection « Collection of additional info « Information integration &
(assets inventory, NDTs management through the
results, monitoring data) PlusCare system
b) Service Level 2 Service Level 2

During inspection

After inspection

« Data registration & update

« Fusion of 3D information
update

» Geodatabase update

« 3D virtualization update

« Information integration
update & management
through the PlusCare system

« Check of geometric survey

« Update of 3D models

« Update of panoramic images
« Update of monitoring data

« Reallocation of assets

Service Level 1

Re-inspection Tasks

Figure 1: Workflows for the application of the PlusCare protocol according to the starting condition: a) absence of a

previous SL?2 inspection; and b) existence of a previous SL2.

In either case, the application of the PlusCare protocol depends upon the execution of a prior SL1
inspection and it is a mandatory stage for the application of the subsequent inspection level (SL3).
The selection of the service level depends on the conservation needs of the building as well as on
the owner’s requirements/financial availability. For a thorough description of the workflow and
tools required to implement the first and third levels of service (SL1 and SL3), the reader is

referred to Masciotta et al. [4].

2.2 The PlusCare system

The efficient implementation of the PlusCare protocol required the development of a tool able not
only to integrate different data sources (including the IoT), but also to provide an intuitive
environment from which buildings’ owners and managers (non-expert users) could access all the
significant information for the effective preventive conservation of their heritage. To make this
possible, a novel Web-GIS system was created: PlusCare. Such a tool combines the latest
advances in geodatabase models, interoperability protocols and digitalization strategies, to enable
the proactive conservation of historical constructions. Figure 2 shows the flowchart of the system

as well as its main engines. As schematized, the PlusCare system converges into a dual web
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132 environment: i) one for expert users; ii) another for non-expert users. Both environments will be

133 detailed in the following sections.

IMONITORIZATION OF THE SITE

DIGITALIZATION OF THE SITE INpUTS INFORMATION TO BE CONSULTED
3 O * Monitoring data ((.)) * SL-1 report
! A i « KPI* * Smartmodel
: ‘
; * Asset
| Il'.dPUTS ! * KEY PERFORMANCE INDICADOR SS€t8
, + 3D point cloud = + Monitoring data
8 RESPONSE OF THE DATABASE * Damages
. INPUTS 8 ¢ Test records
1 o
|1+ 360 panoramas = Gespatial coordinates
| 2 (hidden)
] -
|
1 ADVANCED SEARCH
] GEOSPATIAL
1 ! DATABASE
! ~ VIRTUALTOUR C———
I i = s (¥ ] ;.
| - Spatial coordinates e — ["] St
! — ' - 3D point clouds 1
| HEmmGECAREAPANOZVR ‘ - AlphanumercEa GENERATION OF REPORTS
|
HTML REPORTS
INPUTS ENCHANCED VIRTUAL TOUR
SMARTMODEL VIEWER
+ Alphanumeric data I:] HeritageCare
* Images ((.)) ((.)) ((.))
COLOR GRADE SCALE
134 EXPERT-USER ENVIROMENT NON EXPERT-USER ENVIROMENT
135 Figure 2: Flowchart of the PlusCare system and its main engines. The workflows carried out by the inspector are
136 presented in grey and yellow.

137  2.2.1 Expert-user environment

138

139 The main functionality of the expert-user environment is to store all the technical information
140  collected prior, during and after HeritageCare inspections with the aim of better addressing the
141 specific needs of the buildings and designing proper preventive conservation plans. This
142 environment was developed with different web-based languages, such as PHP and JavaScript
143 (programming language), HTML (markup language) and CSS (design language), among others.
144 Due to the multiple and heterogeneous information progressively gathered through the application
145  of the HeritageCare method, the platform was conceived to include several tabs according to the
146 nature of each information source. With specific reference to the PlusCare system, after inserting
147  afew general data about the inspection (e.g. date, duration, tools and methodologies, etc.), specific

148  information is demanded (Figure 3): i) assets; ii) panorama photos; iii) monitoring data; iv) point
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clouds; v) data records; vi) damages. The right body of the environment shows all the fields that

the expert user needs to fill in depending on the tab selected on the left sidebar.

MENU = INSPECTIONS = Inspections ® Logout

Inspections INSPECTIONS / 27 / sl2: general object information

Building ID

Management Info
GENERAL INFORMATION ABOUT THE INSPECTION
Service Level 1 >

ERENLVNT Date of inspection Inspection Duration

SL2: General Object Information
14/03/2019 Shoras

SL2: Assets
First Inspection Re-Inspection

A Main Integrated objects

o

B: Exceptional Integrated objects

Tools and methodologies Means/Resources

C:Main movable objects

Herramientas: sensores geomticos, sensores de monitoreo con Mobile mapping system, camara DSLR, cbjetivo ojo de pez, equipo
conexian zighee

Qo ha coniirin ol métadn sctandansadn nar Haritana ADE nara la

D: Exceptional movable objects

ema liser escaner termesire, sensores

SL2: Panorama photos Asset Other Information

SL2: Monitoring Data

Se han inspeccionado, para cada una de las temdticas albergadas
por la biblioteca los manuscritos mas sobresalientes. Las directrices
SL2: Point Cloud Ao ronssnanifn. matrad o cfactamenta. ~

SL2: Data Record

SAVE

Figure 3: Expert user interface of the PlusCare System.

It is worth recalling that SL2 fields can only be filled upon completion of the SL1 inspection
report of the building under consideration, namely after the application of the StandardCare
protocol to that building. This ‘restriction’ is intrinsic to the HeritageCare method, as the system
consists of three sequential service levels, where each level includes the previous one and adds
new information for a more extended knowledge of the heritage ensemble. Further details in this

regard can be found in Ramos et al. [21] and Morais et al. [7].

2.2.1.1 Assets

The proper execution of the PlusCare level involves an in-depth evaluation of the conservation
state of the assets found within the heritage building/site. Based on a common cataloguing
framework, assets are classified into four different groups: i) main integrated objects; ii)
exceptional integrated objects; iii) main movable objects; iv) exceptional movable objects. Each
of these groups includes a total of twelve categories, as exposed by Masciotta et al. [4].

For each group and each asset, the expert user is required to fill a four-section form specifying

the following information (Figure 4a):
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168 e Asset identification: this first part includes all the general metadata related to the
169 inspected object, such as the asset name or the asset category, among others. Its geospatial
170 location within the 3D model as well as within the panoramic photos must be included
171 via spatial coordinates (x,y,z for the point cloud and pan, tilt for the panoramas).

172 ® Environmental assessment: this section comprises a few key information related to the
173 environmental conditions at the moment of the asset inspection: i) main bioclimate
174 indicators: luminosity, temperature and relative humidity; ii) environmental condition
175 classification; iii) specific comments for the owner; and iv) possible consequences if the
176 condition is not maintained. After assigning the grade, the condition classification is filled
177 in an automatic way according to the rating system shown in Figure 5a.

178 o Assessment of the conservation state: this section includes the damage affecting the
179 assets. To this end, the platform is linked to the HeritageCare Damage Atlas, which
180 represents a fundamental supporting tool for the preliminary diagnosis of the observed
181 pathologies during inspection activities as well as for the identification of appropriate
182 mitigation actions (Figure 5b). For more details about the Damage Atlas, refer to
183 Masciotta et al. [4]. For each identified damage, the technician has to report information
184 related to its severity and risk, as well as a short description of the damage with
185 complementary images and further comments on possible consequences, if no action is
186 undertaken, or recommendations to prevent the damage progression.

187 ® Damage summary: this part of the form is automatically filled according to the
188 information reported in the aforementioned fields. A summary of the asset inspection is
189 shown, including the condition classification, the damage extent, the risk and urgency of
190 remedial measures. The final condition classification of the asset is computed as the round
191 weighted sum of the singles grades assigned to each detected damage.
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Figure 4: Graphical appearance of the expert-user environment: a) when the technician fills a “movable asset” form;

b) when the technician uploads the panoramic images used for generating the virtual tour of the building/site.
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196
197 Figure 5: Inspection protocol for assets: a) condition classification (environment and conservation assessment); b)
198 excerpt from the damage Atlas used to support the inspection stage of the assets.

199  2.2.1.2 Panorama photos
200

201  The form entitled Panorama photos is devoted to the storage of 360° images for the generation
202 of the virtual tour of the heritage building/site (Figure 4b). The technician only needs to upload
203 the panoramic photos in one of the most common formats, such as.JPG, .PNG or .TIFF, together
204  with the location in which each panoramic image was taken, and a short description of the protocol
205  used for data acquisition and data processing.

206  The virtual tour is generated in the external low-cost solution Pano2VR®. In order to adapt this
207  software to the requirements of the platform, the in-house plugin HeritageCare4Pano2VR was
208  created (Figure 6a). Some extra features were added for preventive conservation purposes,
209  namely a menu integrating a direct link to the SL1 inspection report as well as to the 3D point

210  cloud of the building/site, and the possibility of creating hotspots of damages, assets, monitoring

10
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points and data records linked to the corresponding information stored in the HeritageCare
database.

It is worth mentioning that each time the technician uploads new information to the platform and
fills the fields corresponding with its spatial location, the platform creates a new hotspot inside
the virtual tour which is directly linked to a HTML page containing all the relevant information
concerning that specific hotspot. The damages detected during SL1 inspection can be also

georeferenced by adding their coordinates to the corresponding label (Figure 6b).

DOWNLOAD PLUGIN
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Figure 6: Visual appearance of a) Pano2VR and b) Damages tabs.
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2.2.1.3 Monitoring data

Monitoring tasks can be considered an essential part of a proper preventive conservation plan.
Hence, the PlusCare system includes a specific tab to store and manage all the information
associated to the monitoring sensor network installed in the inspected heritage building. In this
regard, the technician needs to specify (Figure 7a): i) the identification number of the nodes
composing the network; ii) the monitored parameters measured by each node; iii) the date of
installation; iv) the main technical characteristics of the sensor; v) the type of connection; vi) the
weight and dimensions of the nodes; vii) the maintenance requirements. Regarding the second
label, i.e. the monitored quantities, the current version of the PlusCare system offers a total of 27
different parameters, including bioclimate (e.g. temperature, CO,, luminosity or relative
humidity), structural (e.g. inclination, crack width or maximum acceleration) and biological (e.g.
presence of xylophagous) parameters.

To obtain the information associated with the periodic or continuous measurements recorded by
the sensors, the PlusCare system implements a JavaScript Object Notation (JSON)
communication protocol between the platform itself and the server that stores the monitoring data
[22]. In this file, the information demanded by the platform concerns the node identification
number, the measured parameters, the values captured by the different sensors placed within the
same node, and the sensor status. This latter is used to apply a specific colour grade to each
monitored parameter in the non-expert user environment. To this end, the PlusCare protocol
resorts to the use of key-performance indicators (KPIs) in order to define different threshold
ranges for which the structural behaviour of the building or its environmental conditions can be
considered good, acceptable or non-acceptable [23-25]. These KPIs are defined within the
monitoring server, which sends this information in the form of integer values to the PlusCare
system. These values range from O to 2 according to the detected degree of risk/acceptability: O

for a good status; 1 if a potential risk exists; and 2 if the risk is high.

12
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Figure 7: Interface of the PlusCare system: a) Monitoring Network tab; b) Point Cloud tab.

2.2.1.4 Point clouds
This form is conceived for the inspector to upload the whole 3D point cloud of the heritage

building/site. The PlusCare protocol allows the use of different recording strategies depending on

the complexity and size of the cultural heritage site that needs to be digitalized [4].

The current version of the PlusCare system implements the Potree library [26], since it allows to

render large point clouds through the use of an Octree visualization system. Additionally, this

viewer includes instruments for both expert and non-expert users, such as measurement tools,

clipping tools to visualize different parts of the model, and navigation tools. Besides, Potree

viewer is able to integrate, by means of the so-called annotations, graphical and text information

within the point cloud [26]. This feature is used by the system to plot relevant information on the

3D point cloud, thus creating a dynamic 3D model.

13
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According to what exposed hitherto, the inspector needs to upload the point cloud and then the
platform automatically computes the Octree structure. For documentation and management
purposes, the technician is also required to insert information about the name of the place
digitalized, its location, the date of collection as well as a short description about the capturing

and processing of data (Figure 7b).

2.2.1.5 Data records
This tab is dedicated to the uploading and storage of all supplementary data and information that

can contribute to improve the knowledge about the heritage building/site (e.g. in situ
investigations, like sonic or borescope tests, dynamic identification tests, etc.), as well as its
history and conservation state (Figure 8). To this end, the technician needs to fill in and upload a
standardized PDF form summarizing this additional data records and highlighting the principal
results obtained. To complete the form, the type of data record and its spatial coordinates both in
the point cloud and in the panoramic photos must be specified.
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Figure 8: Apperance of the Data Record tab.

2.2.2  Non-expert user environment
As highlighted in the introduction, the success of any preventive conservation plan passes through

the proper and fluid communication between the technician(s) and the owner or manager of the
heritage building/site. In order to facilitate this transfer of information, the PlusCare system

includes a non-expert user environment that allows to consult all essential data reflecting the
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conservation state of the inspected historical artefact in a friendly way. The intuitiveness of this
environment originates from the use of 360° photos and a 3-colour grading scale that
automatically rates the acceptability and degree of risk of the monitored values. This imagery
input is enclosed into an improved virtual tour with a geospatial database that enables to access
the information related to the inspections carried out by the technicians. Accordingly, the interface
integrates two main sections (Figure 9): i) a left sidebar showing all the information accessible
from the database; ii) a right section including the virtual tour composed by 360° panoramic
images in spherical projection with pre-defined hotspots associated with the assets, monitoring
nodes, data records and damages created by the inspector in the expert-user environment. This
graphical user interface is complemented by a bottom navigation bar that allows to consult the
3D point cloud of the site and the SL.1 condition report (Figure 10a). As shown in Figure 9, this
navigation bar includes nine different groups of buttons (from left to right): i) button a to
show/hide the map; ii) button b to enable/disable the gyroscope app; iii) button c to visualize the
environment in full-screen mode; iv) button d to see or hide the hotspots of the virtual tour; v)
group of buttons e to move the panoramas up, down, left and right; vi) button f to load the SL1
condition report; vii) button g to connect the virtual tour with the 3D point cloud viewer; viii)
button 4 to define the language; and ix) button i to hide/unhide the sidebar menu. It is worth
mentioning that the platform includes a specific library for reading the data coming from the
inertial units of mobile devices (tablets/smartphones). The use of this library makes possible to
generate an augmented reality system since it lets synchronize the real point of view of the user

with the virtual point of view of the platform.
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306

307 Figure 9: Interface of the non-expert user environment with the tab Additional Tests unfolded in the left sidebar. The

308 buttons placed inside the red rectangle correspond to the group of buttons e.
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The left sidebar of the graphical user interface is structured in a hierarchical way with the aim of
grouping data properly. This structure consists of four levels:

®  Assets: this tab includes the four main groups defined in Section 2.2.1.1.

® Damages: this tab comprises the possible damages that can be found during the inspection
organized into four macro-categories: i) building envelope; ii) building interior; iii)
technical installations and equipment; iv) accessibility and hygiene.

® Advanced monitoring: this tab lists all the nodes belonging to the monitoring system
installed in the heritage building/site.

e Additional tests: this tab is used to link information about further tests carried out onsite
and incorporates 6 sub-levels: i) 2D drawings; ii) test results; iii) reports; iv) photos; v)
detailed historical survey; vi) other documents.

Whenever the platform is accessed, the PlusCare system makes a request to the database to load
all the information collected by the inspector(s) for the preventive conservation plan of the
building, showing the number of items available in each tab of the left sidebar (Figure 9).
Complementarily, the platform stores in hidden fields the associated spatial data, namely: i)
number of panoramas; ii) pan and tilt angles. These data permit, by means of a JavaScript order,
to place the point of view of the virtual tour directly in the area to which the information belongs
(e.g. if users click on node 1, the platform places the point of view of the virtual tour in the area
where node 1 is located). This information is showed in a 360° environment through the so-called
hotspots. Each hotspot includes information about a particular asset, damage, test record or
monitoring node, generally in the form of a simple and easy-to-read report (Figure 10b and Table
1). Additionally, each hotspot has a direct link to the 3D point cloud viewer where pertinent data

about the consulted item are shown.
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Table 1: Hotspot system used by the PlusCare system (non-expert user environment).

Data category  Icon Data associated Information shown in the point cloud
Damage Damage Atlas form Class, sub-class and sub-sub-class of
e about the specific damage, features description, condition
2 " damage observed. classification, symptoms, risk and urgency
of intervention.
Asset Inspection report of Name of the asset, detected damages and
@ the asset(s). damage summary (condition classification,
symptoms, risk and urgency of
intervention).
Advanced Real-time updates of Symbols and values of the monitored
monitoring the values of the parameters. These symbols have a specific
monitored colour grade according to the KPI
parameters,  each implemented and the relative threshold
@é} one with the relevant values.
symbol coloured in
accordance with the
established
threshold levels.
Additional Report(s) with data Name of the record, date of collection,
tests @ and meaningful description, data interpretation.
information ~ from

other tests

2.2.2.1 Advanced search

Given the considerable amount of information stored, the PlusCare system includes an advanced

search tool to ease the seeking process. This functionality allows to filter all the data according to

different criteria,

namely:

e Assets: the assets inspected in the building can be filtered based on their category, overall

condition, recommended inspection periodicity and location across the building.

® Damages: damages can be filtered by overall condition, inspection periodicity, class of

damage and location across the building.

® Advanced monitoring: all the sensors connected to the installed monitoring network can

be filtered by type of sensor, node status as well as by their spatial location.

® Additional tests: further tests and information stored within the HeritageCare platform

can be filtered according to the test/record location across the building.
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It is worth mentioning that several filtering criteria can be used within the same search, e.g. users

can filter all the sensors placed in the first floor that are able to measure the relative humidity

(Figure 11).

Figure 11: Example of advanced data filtering in the PlusCare platform.

3 Application to the General Historical Library of the University of Salamanca

3.1 The PlusCare protocol

During the project, the HeritageCare method and its related tools were successfully tested across
a considerable number of heritage buildings in Southwestern Europe. Particularly, the PlusCare
system was first validated in Spain with the General Historical Library of the University of
Salamanca. This building belongs to the well-known Escuelas Mayores, declared a Place of
Cultural Interest in 1931 (Figure 12a). It is located in the historical centre of Salamanca and dates
from the 15" century. The construction suffered several alterations along the history. Nowadays,
its main facade is considered the best piece of Spanish artworks executed in Plateresque style
(Figure 12b), being the symbol of the third oldest university still in operation in the world, as well
as the oldest university in Spain. The General Historical Library stands behind this remarkable
facade. It features a squared plan with a length of 41 m and a width of about 11.5 m (Figure 13).
Its current appearance dates back to 1749 as a result of the restoration works carried out by Manuel

de Lara Churriguera (Figure 14). The inner space of the library is covered with a vaulted system
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374  characterized by ten lunettes, four half pointed arches and polygonal vaults at the extremes, hiding

375  the ceramic tiled roof above supported by timber trusses.

376
a)
b)
377
378 Figure 12: Escuelas Mayores: a) location; and b) general view of its main fagade.
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380 Figure 13: 2D drawings of the General Historical Library of the University of Salamanca: a) plan; and b)
381 longitudinal section A-A".
382
383 Figure 14: Interior view of the General Historical Library.

384  Today the library is used as a museum and repository, holding 2,774 manuscripts, 483 incunabula

385  and about 62,000 printed volumes from the 16th, 17th and 18th centuries arranged on wooded
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shelves carved in Baroque style. Additionally, the Historical Library holds ten terrestrial, celestial
and armillary spheres made of wood, paper and metal, as well as several vitrines, tables and chairs
in leather and wood [27] (Figure 14).

This astonishing diversity and peculiarity of assets requires the elaboration of a robust preventive
conservation plan to avoid any possible degradation phenomenon deriving from the inappropriate
maintenance of the infrastructure or even from events that can promote aggressive bioclimate

conditions.
3.2 Data collection and documentation

The Library was first inspected by an equipped team of HeritageCare professionals who applied
the StandardCare protocol foreseen for SL1. This protocol allows a rapid condition screening of
the conservation status and uses a 4-colour grading scale to associate a degree of severity to each
observed damage [4]. This modus operandi permits to rank the overall building condition based
on the average grade scored by each inspected building item, thus assisting in the definition of
priorities of intervention or, alternatively, additional inspection and diagnosis works (Figure 10a
and Figure 15) [4].

Consequences
e There are no important risks for the

structure.

« The enviromental conditions are not appropriated.
The levels of humidity are high and could be
dangerous for the assets

o A few assets show damages. There are

In fair condition Intermediate term some pigment losses in part of them.
The condition of the fabric is not

perfect but does not need immediate

action. Monitoring is necessary to
prevent further decay

Recommendations

o Some cracks are present in the finishing
systems. Periodic inspections are required
to keep them under control.

Inspect the building interior annually.

Repaint the interior surfaces each 10 years.

Check air quality and control the
ventilation.

Keep the luminosity under control.
® Install a monitoring system.

Figure 15: Chart of the building interior highlighting the priority of intervention together with the possible

consequences if no preventive measure is adopted.
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With respect to the case study analysed, one full working day was necessary to perform the on-
site inspection of the Library. To guarantee a real-time digitization of the inspection process and
speed up reporting times, the inspection team resorted to a tablet equipped with a specific
application developed within the HeritageCare project. Based on the SL.1 outcome, the state of
conservation of the Library was deemed acceptable. However, a detailed technical inspection of
the roof covering as well as the control of bioclimate parameters were recommended to prevent
possible degradation processes. As a result, a higher inspection level was implemented by

applying the PlusCare protocol, thus involving the stages detailed in Section 2.1.

3.3 Site digitalization

To obtain high-resolution information about the geometry and onsite conditions of the Library, a
digitalization campaign was carried out to collect panoramic images and capture 3D point clouds.
The former were acquired by means of the Canon 700D® DLRS camera. This DLRS camera has
a 22.3 x 14.9 mm CMOS sensor with 18 MPx resolution (5196 x 3463 px), a pixel size of 4.29
um and a crop factor of 1.61. This device was equipped with a Sigma 8 mm circular fisheye lens
with a maximum aperture of f/3.5 and a focus engine. Each station required a total of seven shots
with 60% of overlap between them. As for the present campaign, 13 equirectangular panoramas
were taken (Figure 16): 1) 1 to digitalize the main fagade; ii) 4 to capture the outdoor space of the
inner cloister; iii) 2 for representing the hall of the inner cloister next to the Library; iv) 6 for the
digitalization of the Library. The different shots were stitched with the open-source software
Hugin®. It is noted that each panorama was captured in the same position as the laser scanner
station aiming at colouring the TLS point clouds. This was possible thanks to the use of the
platform designed by Del Pozo et al. [28] (Figure 16b). Afterwards, the “basic” virtual tour was

created in Pano2VR® with the assistance of the plugin HeritageCare4Pano2VR.
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a)

b)
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Figure 16: Result of the digitalization stage: a) plan view with the location of the stations; b) optimized point cloud
within the open-source software CloudCompare®. Note: blue dots represent scan stations with panoramic images and

red dots indicate stations with panoramic images only.

The 3D digitalization of the Historical Library was performed by means of the light-weight TLS
Faro Focus 120®. This laser scanner is based on the phase shift physical principle with a
measurement range from 0.6 to 120 m, a capture rate from 122,000 to 976,00 points per second
and a nominal accuracy of 2 mm at 25 m in normal conditions of illumination and reflectivity. As
aresult, 6 scan stations were needed to record the Historical Library. All these scan stations were
registered in a common coordinate system using to this end the Iterative Closest Points algorithm
[29] by applying the strategy defined by Sdnchez Aparicio et al. [30]. The final error after the

alignment of the different point clouds was 3 + 2 mm. The huge amount of captured data, with a
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total of 140,070,904 points, required an optimization stage that comprised the use of a spatial
decimation filter with a threshold of 0.005 m. This allowed to obtain a reduced 3D representation
of the Historical Library consisting of 18,209,138 points, namely 13% as compared to the original
point cloud (Figure 16). Finally, this point cloud was uploaded to the PlusCare system in .LAZ
format in order to be converted by the Potree script for visualization purposes (Figure 16b). The
time spent for the complete digitalization process, including data capturing and processing,

required two working days by a group of 2 inspectors.

3.4 Tracking the bioclimate parameters

Most of assets located within the General Historical Library of the University of Salamanca are
made of organic materials such as wood, leather and paper. Thus, the control of bioclimate
parameters is of utmost importance to ensure the proper conservation of such a valuable legacy.
According to Pavlogeorgatos [31], the four main environmental parameters that can promote the
deterioration of assets located in libraries and museums are:

® Relative humidity: out-of-tolerance values of this parameter can cause changes in size,
shape as well as biological and chemical reactions of the exhibits.

e Temperature: variations of indoor temperature can lead to a variety of reactions such as
the acceleration of chemical processes (e.g. corrosion rate of cellulose), the movement of
moisture or even material expansion.

e Luminosity: natural and artificial illumination sources can induce oxidation of the
components, thereby promoting the deterioration and corruption of several materials.

® Atmospheric pollution: gasses, such as sulphur and nitrogen oxides, ozone and other

atmospheric particles, can promote chemical attacks.

3.4.1 Monitoring network

To better address the conservation needs of the Library, an advanced monitoring network was
installed in the hall to keep the main bioclimate indicators under control. The selected measuring

equipment was the MHS (Monitoring Heritage System) [32], a monitoring system purposely
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developed for cultural heritage buildings by the Santa Maria La Real Foundation. Type, number

and location of the sensors were decided based on the outcomes of the SL1 inspection and pre-

monitoring stage, paying attention to minimizing their visual impact inside the Library. The

system is active since July 2019 and consists of:

15 relative humidity and temperature sensors (H7), of which 10 ambient and 5 surface
sensors, plus 8 combined sensors measuring relative humidity, surface temperature and
brightness (HT+B).

2 xylophagous sensors (X) to detect the presence of this type of insects into the wooden
shelves;

1 solar radiation sensor (SR) to measure the radiant energy received by the sun and
emitted into the surrounding environment;

1 carbon dioxide sensor (CO;) to check average concentrations of this trace gas inside the
Library;

1 presence detector sensor (PD) to track people presence and eventually switch off
unnecessary lighting, air conditioning, etc.;

1 meteo station (MS) to record outer air temperature, humidity, barometric pressure, wind
direction and velocity, precipitations, rain duration, hail as well as solar radiation and

carbon dioxide.

It is noted that ambient temperature and humidity sensors were placed at different heights in order

to catch possible changes in elevation of the monitored parameters. Complementary to the

installation, the technician is required to insert in the PlusCare system the metadata associated

with the monitoring nodes.
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[:l HeritageCare

Figure 17: Monitoring network form with the data associated to each node.

The local nodes of the monitoring system collect the relevant values from the sensors and transmit
this data to a central node (CN) by means of a Zigbee communication protocol. The PlusCare
system makes a JSON query to the monitoring database each 30 minutes in order to update the

values of the tracked parameters.

3.4.2 Range of tolerances for preventive conservation

As mentioned in Section 2.2.1.3, and with the aim of guiding the non-expert user in the preventive
conservation of the building, the PlusCare system integrates the concept of Sensor Status.
Basically, three colour grades are used to automatically rate the different variables captured by
the monitoring network, being possible to check in real-time whether each parameter falls outside
the established tolerance range and could promote material degradation. To define this range, the
implementation of proper Key Performance Indicators (KPIs) is required. For the present case
study, the KPI definition by Corgnati et al. [25] is adopted. Generally, a KPI identifies the
percentage of measurements in which the monitored parameter lies within a required range. This
way, if the 90% or more of the measurements lies within the pre-established range, the Sensor
Status throws a value of 0; if this percentage ranges between 85% and 90% the Sensor Status
throws a value of 1; otherwise, for a percentage under 85%, the Sensor Status is set as 2. This
concept is extended to all the monitoring network with the exception of the xylophagous detectors,

for which only two Sensor Status are defined: i) O, if the sensor does not detect any xylophagous

27



507

508

509
510

511
512
513
514
515

516

517

518

519
520
521
522
523
524
525
526
527
528
529

530

This paper can be found at https://doi.org/10.1016/j.autcon.2020.103304

activity, and ii) 2, if the sensor detects the presence of xylophagous activity within the wood.
According to what stated above, a KPI can be expressed as follows:

Nin (1)

tot

KPI =

where N;, represents the number of measurements within the defined tolerances and Ny is the
total number of measurements.

The calculation of the KPIs requires the definition of a set of case-specific tolerance ranges for
the different monitored variables, including indoor climate parameters. In this regard, various
standards can be considered [33]. As for this work, the tolerances defined by the guideline PAS
198:2012 were taken into account [34]. Table 2 shows the set of tolerances implemented for the

Historical Library.

Table 2: Tolerances considered for the indoor climate evaluation.

Parameter Recommended range
Temperature 14-28 °C
Relative Humidity 40-60%

Luminosity maximum of 50 lux

3.5 Assets condition survey

Complementary to the monitoring activities, the PlusCare protocol entails the inspection of the
integrated and movable assets located within the heritage building. Due to the huge amount of
assets treasured in the Library, only the most representative ones of each area were inspected: i)
the two vitrines (main movable objects); ii) one Earth Globe (main movable object); iii) 21 books
(exceptional movable objects).

First, a visual inspection was carried out with the aid of the HeritageCare damage atlas in order
to identify possible deterioration processes, but no remarkable damage was observed. Regarding
the environmental assessment, several in-situ measures were taken for the most relevant
bioclimate parameters: humidity, temperature and luminosity. The captured values were
considered acceptable at the time of the inspection. However, the monitoring data allowed to track
some period of the year in which the luminosity values exceeded the recommended ones.

Accordingly, it was decided to keep the UV levels of this area under control in order to prevent
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values that could promote the photodegradation of the assets in the long term. This consideration
was included in the relevant section of the asset inspection form of the PlusCare system, grading
the environmental assessment as poor and recommending the use of UV filters on the library glass
windows. The same conclusions were obtained during the assessment of the Earth Globe.

In parallel, a total of 21 books from eight different knowledge areas were inspected. Some
common damage was detected in all books, particularly discoloration and material loss. The
environmental condition was classified as poor due to the possibility of having photodegradation
processes induced by the UV radiation, as highlighted during the inspection of the vitrines.
Apart from the conservation and environmental assessment, the inspection form of each asset was
filled with metadata information, as well as with their spatial position within the 3D model and
the corresponding panoramic image. Filling this information is compulsory for the PlusCare

system to create automatically the asset hotspots within the virtual tour of the heritage building.

3.6 Test records

To finalize the PlusCare inspection of the Library, a re-compilation of the main results obtained
during the experimental campaign was included in the tab Test records. In particular, the
information from both the digitalization campaign and the geometrical survey of the library was
uploaded to the platform using the standardized PDF template available for download (Figure

18).
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Figure 18: Appearance of the standardized PDF file with the description of the test results.

4  Non-expert user experience

The PlusCare system also features an intuitive environment for non-expert users. The potential of
this environment can be measured by the ease in which the multiple and heterogeneous
information generated by the expert user is transferred to the non-expert user during the virtual
tour, which represents the main output of the PlusCare protocol.

All essential information for the primary conservation needs and ordinary maintenance of the
building is condensed into a simple and clear report which can be easily accessed by the end-user
while navigating through the virtual tour just by clicking on the heart icon (button f) of the bottom
navigation bar of the graphical interface (Figure 9a). Across the document, the information
appears in different colours. Building items in good conservation state are highlighted in green,
implying that no immediate preventive action is required; those in fair or poor conditions are

highlighted in yellow and orange, respectively, where the former colour suggests medium-term
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preventive actions and the latter short-term measures; finally, building items in bad condition are
reported in red, meaning that urgent repair actions are necessary to prevent further decay (Figure
19a). Thanks to this graphical system the owner/manager can perceive at a glance which priority
of intervention should be considered if some building items do not appear in good condition. This
eye-catching content is then complemented with useful information about the possible
consequences for the building.

The 3D icon of the bottom navigation bar of the PlusCare interface gives the user the possibility
to access and browse through the tridimensional high-resolution survey of the heritage site. The
visualization is boosted by the Octree system, allowing to check it on mobile devices (Figure

19b).

[~]

PLUSCARE SYSTEM

= bl Polglotsde Aberes

« Trstos y ot de mercoderes.y trtspies diseubeon
it oo

» Releticoes heckgicar

o Los Bbres de
=y

ADVANCED MONITORING

ADDITIONALTESTS

Figure 19: Non-expert user environment: a) consultation of SL2 condition report (yellow paragraphs indicate a fair
damage condition, while green means that the damage severity is low); b) consultation of measurements within the

3D point cloud.
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4.1 Information available through hotspots

The rest of the information stored by the inspectors into the PlusCare database, such as the assets
condition, the damages or any additional record (see Section 2.2.1.5), is plotted in the non-expert
user environment by means of pre-defined hotspots inserted within the pertinent 360° photos that
compose the virtual tours. The full list of hotspots among which the user can navigate is available
in the left sidebar, grouped by category (Figure 20a and b). The optimal connection between the
database and the virtual tour ensures a quick browsing among the different objects directly from
the sidebar menu of the interface, and regardless of the filter applied for the advanced search. In
this way, if the user does look for a specific asset and selects its name, the platform automatically
places the user’s point of view in the area where the selected asset is located (Figure 20b).
Furthermore, if the user clicks on that object hotspot, a window pops up allowing to consult both
the asset inspection report (Figure 20b) and its location within the 3D model (Figure 20c). The
transfer of information associated with damage and test record hotspots is plotted in the same

way.
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593 Figure 20: Non-expert user environment: a) consulting information about the asset condition; b) pop-up box
594 related to the asset hotspot (yellow paragraphs indicate that the environmental conditions are not appropriate for the
595 selected asset); ¢) 3D model
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Apart from the aforementioned features, the non-expert user environment includes the possibility
of capturing the values of the device gyroscopes. Basically, the point of view of the platform can
rotate according to the angular variation captured by the gyroscopes. Such a feature places the
PlusCare system of the HeritageCare platform as a potential alternative to standard augmented

reality systems (Figure 21).

a) Birds infestation

Proliferation of several species of birds, that can roost and/or nest, enusing the accamulation of
organic dirt/guanc (organic compost made from fasces, feathers, dead brids, fo0d). The nests
contain organic detritus such as feathers and plant material that will attract insects, which ean
then spread.

Insect infestation. Bacteria. Biological colonization. Discolouration and Deposits. Exposure to
dust caused by faeces, feathers, and nesting materials may enhance the development of
bacterial and viral zoonoses (e.g. chlamydiosis in pigeons and poultry) as well as cause chronic
allergie responses on humans.

ary parameters to characteriz Visual inspection.

All possible materials.
Al possible clements.
Favorable conditions for roost or nesting,

s Chemical artack caused by animal defeetion
Nests and facees soil and deface the supporting structure.
The nests harbour parasites.

Bird control programme.

Figure 21: Response of the platform when the gyroscope feature is active: a) consulting a damage hotspot;

b) checking a sensor hotspot.
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4.2  Visualization of the monitoring data

Like damages, assets and test records, also monitoring data can be consulted directly by the non-
expert user just by clicking on the corresponding hotspots. Each of these hotspots gives access to
real-time updates of the parameters measured by the sensors along with their location within the
3D point cloud. The environment uses the Sensor Status variable described in Section 3.4 to plot
colour-based warnings of the monitored quantities through a pop-up window: i) green icon, when
the variable has a value of 0, thus the monitored parameter is within the acceptable tolerance
range; ii) yellow icon, if it has a value of 1, meaning that the monitored parameter is not always
within the defined thresholds; and iii) red icon, if the sensor status is 2, which indicates that the
value of the considered parameter deviates from the acceptable limits. By means of this visual
grading scale the user can get a quick idea about the microclimate conditions existing within his
building (Figure 22a). Moreover, thanks to the advanced search options featured by the PlusCare
system, the user can easily filter the nodes of the monitoring network and get to know immediately
which sensors are providing values out of the recommended tolerances. The way to consult this
information is substantially improved when using the gyroscope values of the smartphone or
tablet (Figure 21b). Information about the monitoring data is also shown on the 3D point cloud of

the building (Figure 22b).
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Figure 22: Colour-based warnings applied to the sensor network: a) real-time updates of the monitored parameters for

node 30; b) 3D model with superimposed information about the selected node.

5 Conclusions

A new paradigm for the preventive conservation of historical sites was presented in this paper.
Considering the leading role that digitization is assuming in the context of heritage conservation,
this work aimed to show the progressive development of one the major digital outputs of the
HeritageCare methodology, i.e. the PlusCare system. The transfer of information to the non-
expert users is smooth and user-friendly, offering owners and managers of heritage sites an
interactive and intuitive tool that facilitates monitoring activities and supports decision making
on preventive conservation actions. Full details about the PlusCare system are provided in the

paper and its validation is performed through a case-study application having as object of
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investigation one of the most representative Spanish cultural heritage buildings: the Historical

Library of the University of Salamanca. From the validation of this digital-based tool, it is possible

to draw the following conclusions:

The PlusCare system is a Web-GIS application of the HeritageCare platform rooted in
the latest advances in digitalization technologies, monitoring networks and IoT concepts
that is paving the way for a new paradigm in preventive conservation.

The integration of a geospatial database makes possible to streamline the management of
large blocks of multidisciplinary information, allowing to filter the great amount of stored
data according to different criteria.

The use of colour grading scales to rate the conservation state of the assets located within
the heritage site allows a better interpretation of the inspection outcome by the non-expert
users and can assist them in prioritizing preventive conservation actions.

The implementation of KPIs and colour-based warning levels associated with the
monitoring data also provides a straightforward metric for the end-users to understand
the acceptability of the recorded values and adopt condition-based maintenance
measures.

The exploitation of pyramidal loading schemes for both the 3D point clouds and the 360°
images enables to optimize the computational requirements. Additionally, according to
the tests carried out to evaluate the time response of the platform, when using an ordinary
PC, the average response time of the platform is just 1.8 seconds for loading the main
interface; 0.5 seconds for loading the results of the advanced search; and 4.1 seconds for
loading the whole 3D point cloud (lower Octree level). Instead, if the platform is loaded
in a standard smartphone, the average response time is 4.0 seconds for the main interface;
0.5 seconds for loading the results of the advanced search and an instantaneous response
of the gyroscopes when this feature is activated; 8.2 seconds for rendering the whole 3D
point cloud with the lower Octree level. These results can be considered more than

acceptable to guarantee a good user experience.
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e The intuitiveness of the panoramic photos combined with geospatial information and
mobile devices further enhance the users’ experience while navigating across the
heritage. This experience can be a great supporting tool to engage the main social actors
in the proactive preventive conservation of their legacy.

e Unlike BIM approaches, the PlusCare system does not require any structured data
template nor specific object libraries for the 3D virtual reconstruction of the heritage.
Metric and morphologic values are equally important, and they can be profitably
exploited to cross-check and describe accurately the quantitative information that an
HBIM-based model should contain. Moreover, the final output of the PlusCare system is
much more user-friendly and accessible by non-expert users. Indeed, PlusCare has been
conceived as a preparatory level to TotalCare, the last of the three service levels of the
HeritageCare methodology, whose focus is the integration and management of all
information collected from previous service levels through an intelligent digital model
built in BIM environment.

Future works will be focused on integrating new features into the system. On the one hand, it is
planned to improve the uploading process of the expert user environment. This will enable to add
new information (e.g. assets, damages, monitoring nodes) directly onsite with a mobile device,
thereby reducing the back-office work. On the other hand, efforts will be made to achieve a
complete integration between the new digitalization approaches, e.g. back-pack mobile mapping

systems, and the as-built 360° cameras in order to speed up the data acquisition.

Acknowledgments

This work was financed by ERDF funds through the V Sudoe Interreg program within the
framework of the HeritageCare project (Ref. SOE1/P5/P0258), by project Patrimonio 5.0
(SA075P17), by FEDER funds through the Competitive Factors Operational Program
(COMPETE) and by the Foundation for Science and Technology (FCT) within the scope of
projects POCI-01-0145-FEDER-007633. The authors would like to express their gratitude to the

personnel from the General Historical Library of the University of Salamanca as well as to the

38



689

690

691
692

693
694
695

696
697

698
699
700

701
702
703
704

705
706
707
708

709
710
711

712
713
714
715

716
717
718
719

720
721

722
723
724
725

726
727

This paper can be found at https://doi.org/10.1016/j.autcon.2020.103304

Centre for Computer Graphics of the University of Minho for the web implementation of the

platform.

References

[1] D. Kutasi, I. Vidovszky, The cost effectiveness of continuous maintenance for monuments
and historic buildings, Periodica Polytechnica Architecture 41 (2010) pp. 57-61.
https://doi.ore/10.3311/pp.ar.2010-2.03.

[2] R.C. Matulionis, J.C. Freitag, Preventive Maintenance of Buildings, first ed., Van Nostrand
Reinhod, New York, 1991. ISBN: 978-0442318666.

[3] K. Van Balen, A. Vandesande, Reflections on Preventive Conservation, Maintenance and
Monitoring by the PRECOM?0OS UNESCO Chair, first ed., Acco Uitgeverij Belgi€, Holland,
2013. ISBN: 978-9033493423.

[4] M.G. Masciotta, M.J. Morais, L.F. Ramos, D.V. Oliveira, L.J. Sinchez-Aparicio, D.
Gonzalez-Aguilera, A Digital-based Integrated Methodology for the Preventive Conservation of
Cultural Heritage: The Experience of HeritageCare Project, International Journal of Architectural
Heritage (2019), article in press. https://doi.org/10.1080/15583058.2019.1668985.

[5] A. Vandesande, K. van Balen, An operational preventive conservation system based on the
Monumentenwacht model, in: K. Van Balen, E. Verstrynge (Eds.), Structural Analysis of
Historical Constructions, CRC Press/Balkema, Florida, 2016, pp. 217-223. ISBN:
978-1138029514.

[6] A. Vandesande, K. van Balen, Innovative built heritage models based on preventive and
systemic approaches, in: K. van Balen, A. Vandesande (Eds.), Innovative Built Heritage Models,
CRC Press/Balkema, Florida, 2018, pp. 3-10. ISBN: 978-1138498617.

[7] M.J. Morais, M.G. Masciotta, L.F. Ramos, D.V. Oliveira, M. Azenha, E.B. Pereira, et al., A
proactive approach to the conservation of historic and cultural Heritage: the HeritageCare
methodology, in: Towards a resilient built environment risk and asset management, Taylor and
Francis, Milton Park, 2019 pp. 64-71. https://doi.org/10.1080/10168664.2019.1624344

[8] W. Xiao, J. Mills, G. Guidi, P. Rodriguez-Gonzélvez, S.G. Barsanti, D. Gonzdlez-Aguilera,
Geoinformatics for the conservation and promotion of cultural heritage in support of the UN
Sustainable Development Goals, ISPRS Journal of Photogrammetry and Remote Sensing 142
(2018) pp. 389-406. https://doi.org/10.1016/j.isprsjprs.2018.01.001.

[9]J. Star, J.E. Estes, Geographic Information Systems: An Introduction, third ed., Prentice Hall
Englewood Cliffs, New Jersey, 2007. ISBN: 978-8126511389.

[10] A. Agapiou, V. Lysandrou, D.D. Alexakis, K. Themistocleous, B. Cuca, A. Argyriou, et al.,
Cultural heritage management and monitoring using remote sensing data and GIS: The case study
of Paphos area, Cyprus, Computers, Environment and Urban Systems 54 (2015) pp. 230-239.
https://doi.org/10.1016/j.compenvurbsys.2015.09.003.

[11] R. Ortiz, P. Ortiz, J.M. Martin, M.A. V4zquez, A new approach to the assessment of flooding
and dampness hazards in cultural heritage, applied to the historic centre of Seville (Spain),

39



728
729

730
731
732

733
734
735

736
737
738
739

740
741
742
743

744
745
746
747

748
749
750

751
752
753
754
755

756
757
758

759
760
761
762

763
764
765
766

767
768

This paper can be found at https://doi.org/10.1016/j.autcon.2020.103304

Science of The Total Environment 551 (2016) pp- 546-555.
https://doi.org/10.1016/j.scitotenv.2016.01.207.

[12] D.M. Campanaro, G. Landeschi, N. Dell’Unto, A.L. Touati, 3D GIS for cultural heritage
restoration: A ‘white box’workflow, Journal of Cultural Heritage 18 (2016) pp. 321-332.
https://doi.org/10.1016/j.culher.2015.09.006.

[13] F.I. Apollonio, V. Basilissi, M. Callieri, M. Dellepiane, M. Gaiani, F. Ponchio, et al., A 3D-
centered information system for the documentation of a complex restoration intervention, Journal
of Cultural Heritage 29 (2018) pp. 89-99. https://doi.org/10.1016/j.culher.2017.07.010.

[14] G. Bitelli, G. Gatta, A. Guccini, A. Zaffagnini, GIS and Geomatics for archive documentation
of an architectural project: The case of the big Arc of entrance to the Vittorio Emanuele II Gallery
of Milan, by Giuseppe Mengoni (1877), Journal of Cultural Heritage 38 (2019) pp. 204-212.
https://doi.org/10.1016/j.culher.2019.01.002.

[15] P. Jouan, P. Hallot, Digital Twin: a Hbim-Based Methodology to Support Preventive
Conservation of Historic Assets Through Heritage Significance Awareness, International
Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences 42 (2019)
pp- 609-615. https://doi.org/10.5194/isprs-archives-XLII-2-W15-609-2019.

[16] R. Angulo-Fornos, M. Castellano-Roman, HBIM as Support of Preventive Conservation
Actions in Heritage Architecture. Experience of the Renaissance Quadrant Facade of the
Cathedral of Seville, Applied Sciences 10 (2020) ppP- 2428-2461.
https://doi.org/10.3390/app10072428.

[17] A. Fonnet, N. Alves, N. Sousa, M. Guevara, L. Magalhaes, Heritage BIM integration with
mixed reality for building preventive maintenance, IEEE (2017) pp. 1-7.
https://doi.org/10.1109/EPCGI.2017.8124304.

[18] L.J. Sdnchez-Aparicio, R. Moreno-Blanco, J.A. Martin-Jiménez, P. Rodriguez-Gonzailvez,
A.L. Mufioz-Nieto, D. Gonzilez-Aguilera, Smartwall: a new web-based platform for the
valorization of the Medieval Wall of Avila, International Archives of the Photogrammetry,
Remote Sensing and Spatial Information Sciences 42 (2019) pp. 1055-1062.
https://doi.org/10.5194/isprs-archives-XLII-2-W15-1055-2019.

[19] R.K. Napolitano, G. Scherer, B. Glisic, Virtual tours and informational modeling for
conservation of cultural heritage sites, Journal of Cultural Heritage 29 (2018) pp. 123-129.
https://doi.org/10.1016/j.culher.2017.08.007.

[20] O.B.P. Mah, Y. Yan, J.S.Y. Tan, Y. Tan, G.Q.Y. Tay, D.J. Chiam, et al., Generating a virtual
tour for the preservation of the (in) tangible cultural heritage of Tampines Chinese Temple in
Singapore, Journal of Cultural Heritage 39 (2019) Pp- 202-211,
https://doi.org/10.1016/j.culher.2019.04.004.

[21] L.F. Ramos, M.G. Masciotta, M.J. Morais, M. Azenha, T. Ferreira, E.B. Pereira, et al.,
HeritageCARE: Preventive conservation of built cultural heritage in the South-West Europe, in:
K. van Balen, A. Vandesande (Eds.), Innovative built heritage models, CRC Press/Balkema,
Florida, 2018, pp. 135-140. ISBN: 978-1138498617.

[22] The JavaScript Object Notation (JSON) Data Interchange Format. Available on-line at:
https://datatracker.ietf.org/doc/rfc8259/?include_text=1 (Date of last access: 21/05/2020).

40



769
770
771
772

773
774
775
776

77
778
779

780
781
782
783

784
785
786

787
788
789
790
791

792
793
794

795
796
797
798

799
800

801
802
803
804

805
806
807

808
809
810

This paper can be found at https://doi.org/10.1016/j.autcon.2020.103304

[23] M. Masciotta, L.F. Ramos, P.B. Lourengo, J.A. Matos, Development of key performance
indicators for the structural assessment of heritage buildings, E-Journal of Non-Destructive
Testing 21 (2016). Available on-line at: http://hdl.handle.net/1822/42276 (Date of last access:
21/05/2020).

[24] S.P. Corgnati, M. Filippi, Assessment of thermo-hygrometric quality in museums: Method
and in-field application to the “Duccio di Buoninsegna” exhibition at Santa Maria della Scala
(Siena, Italy), Journal of  Cultural Heritage 11  (2010) pp.  345-349.
https://doi.org/10.1016/j.culher.2009.05.003.

[25] S.P. Corgnati, V. Fabi, M. Filippi, A methodology for microclimatic quality evaluation in
museums: Application to a temporary exhibit, Building and Environment 44 (2009) pp. 1253-
1260. https://doi.org/10.1016/j.buildenv.2008.09.012.

[26] M. Schiitz, Potree: Rendering large point clouds in web browsers, Technische Universitit
Wien, Wieden, 2016. Available on-line at:
https://www.cg.tuwien.ac.at/research/publications/2016/SCHUETZ-2016-POT/ (Date of last
access: 21/05/2020).

[27] J.R.N. Gonzilez, Inventario Artistico De Bienes Muebles De La Universidad De Salamanca,
Universidad de Salamanca, first ed., Ediciones Universidad de Salamanca, Salamanca, 2002.
ISBN: 978-8478007493.

[28] S. Del Pozo, P. Rodriguez-Gonzilvez, D. Herndndez-Lépez, J. Onrubia-Pintado, D.
Gonzalez-Aguilera, Sensor fusion for 3D archaeological documentation and reconstruction: case
study of "Cueva Pintada" in Galdar, Gran Canaria. International Archives of the Photogrammetry,
Remote  Sensing and  Spatial Information  Sciences  (2019) pp.  373-379.
https://doi.org/10.5194/isprs-archives-XLII-2-W15-373-2019.

[29] P. J. Besl, N. D. McKay, A method for registration of 3-D shapes, IEEE Transactions on
Pattern Analysis and Machine Intelligence 14 (1992) pp. 239-256. https://doi.org/
10.1109/34.121791.

[30] L.J. Sanchez-Aparicio, B. Riveiro, D. Gonzalez-Aguilera, L.F. Ramos, The combination of
geomatic approaches and operational modal analysis to improve calibration of finite element
models: A case of study in Saint Torcato Church (Guimaries, Portugal), Construction and
Building Materials 70 (2014) pp. 118-129. https://doi.org/10.1016/j.conbuildmat.2014.07.106.

[31] G. Pavlogeorgatos, Environmental parameters in museums, Building and Environment 38
(2003) pp. 1457-1462. https://doi.org/10.1016/S0360-1323(03)00113-6.

[32] M. Chiriac, D. Basulto, E. Lépez, J.C. Prieto, J. Castillo, A. Collado, The MHS system as an
active tool for the preventive conservation of Cultural Heritage, in: M. A. Rogerio-Candelera, M.

Lazzari, E. Cano (Eds.), Science and Technology for the Conservation of Cultural Heritage, CRC
Press/ Balkema, Florida, 2013, pp. 395-398. ISBN: 978-1138000094.

[33] H. Sharif-Askari, B. Abu-Hijleh, Review of museums' indoor environment conditions studies
and guidelines and their impact on the museums' artifacts and energy consumption, Building and
Environment 143 (2018) pp. 186-195. https://doi.org/10.1016/].buildenv.2018.07.012.

[34] PAS 198:2012, Specification for managing environmental conditions for cultural collections,
2012. Available on-line at: https://shop.bsigroup.com/ProductDetail ?pid=000000000030219669
(Date of last access: 21/05/2020).

41



