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ABSTRACT:

Temporal analyses and multi-temporal 3D reconstruction are fundamental for the preservation and maintenance of all forms of
Cultural Heritage (CH) and are the basis for decisions related to interventions and promotion. Introducing the fourth dimension of
time into three-dimensional geometric modelling of real data allows the creation of a multi-temporal representation of a site. In this
way, scholars from various disciplines (surveyors, geologists, archaeologists, architects, philologists, etc.) are provided with a new
set of tools and working methods to support the study of the evolution of heritage sites, both to develop hypotheses about the past
and to model likely future developments. The capacity to “see” the dynamic evolution of CH assets across different spatial scales
(e.g. building, site, city or territory) compressed in diachronic model, affords the possibility to better understand the present status of
CH according to its history. However, there are numerous challenges in order to carry out 4D modelling and the requisite multi-data
source integration. It is necessary to identify the specifications, needs and requirements of the CH community to understand the
required levels of 4D model information. In this way, it is possible to determine the optimum material and technologies to be utilised
at different CH scales, as well as the data management and visualization requirements. This manuscript aims to provide a
comprehensive approach for CH time-varying representations, analysis and visualization across different working scales and
environments: rural landscape, urban landscape and architectural scales. Within this aim, the different available metric data sources
are systemized and evaluated in terms of their suitability.

1. INTRODUCTION recover the memory of original features of historical buildings,
urban and landscape environments, but also understand its
likely evolution. In this way, heritage legacy can be safeguarded

for present and future generations, preventing future damage

Cultural Heritage (CH) encompasses both tangible assets (e.g.
monuments, archaeological remains, artefacts, etc.) and

intangible ones (e.g. traditions, social practices, rituals, etc.).
This paper focuses on the analysis of the tangible legacy. CH
graphic  representations  significantly help  monitoring,
management, routine maintenance, study and promotion of a
CH site and provides a way to transmit knowledge about
heritage objects to future generations.

There is an increasing commitment to preserve and restore CH,
thereby fostering its better management, study or promotion.
CH is a rich legacy for the current generation who have an
undeniable responsibility to preserve it. Tangible Heritage
becomes extremely important as a cultural, social and economic
resource in modern societies. It is therefore necessary to
continuously develop techniques in order to achieve a better
understanding of its through-time evolution and improve
maintenance approaches. Research, conservation and restoration
of heritage assets are complex tasks that are being addressed
from a multidisciplinary perspective: surveyors, architects, art
historians, tourist promoters and advertising agents, amongst
others. Since the footprint of time sometimes imposes terrible
consequences on CH, it often becomes necessary to not only

and aiding understanding of the current remains as an evolution
of its original state.

Due to the advancement in technology, research and innovation
improvements are increasingly noticeable, not only in the
acquisition of data but also in the ability to include multiple
complementary fields. Digital methods and techniques are able
to link historical documentation data and disseminate them for a
better understanding and perception of their evolution through
time. With the aim of studying the current state and geometry of
CH elements, numerous different geotechnologies can be used,
from airborne to ground level, such as Airborne Laser Scanning
(ALS), Mobile LiDAR Systems (MLS) and Terrestrial Laser
Scanning (TLS), aerial and terrestrial photogrammetry, Global
Navigation Satellite Systems (GNSS), etc. Historical datasets
are extremely heterogeneous in terms of chronology, shape,
style and structure, appearing as texts, paintings, engravings, old
photographs, maps, etc. in analogue or digital formats.
Therefore, it is necessary to establish schemes to order and
clarify the current status regarding multifarious data acquisition
and fusion for CH management at its different scales. It is also
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necessary to consider different data sources and their nature
(e.g. metric or non-metric), as well as the final aim of 4D
reconstruction and visualization.

2. MULTI-SOURCE DATA FUSION

Multi-source data fusion is one of the main challenges to face
4D reconstruction and visualization of CH. This implies
providing a solution for the combination of mixed data sources
(both metric and non-metric) with the aim of creating time-
varying representations. For this purpose, the suitability of the
different sources of metric data should be systemized according
to the CH object size and its complexity.

For a better understanding of the approach proposed by this
paper to perform CH 4D analysis, it is helpful to group CH
assets according to their characteristics. One of the most
common classifications of CH studies (Kraak and Ormeling,
2011) is based on categorization according to the size of the
element under study or scale range at the following levels:
artefact, architectural, urban and rural landscapes (Table 1).
This classification may seem unsophisticated, but the addition
of other variables would complicate the classification and would
result in confusion when describing the approach.

CH category Scale ranges
Artefact From 1:1 to 1:5
Architectural From 1:10 to 1:100

From 1:100 to 1:1000
From 1:100 to 1:5000

Table 1. Typical scale ranges for each of the CH categories
commonly established (adapted from Kraak and Ormeling,
2011).

Urban landscape

Rural landscape

Here, the different categories of CH assets are specified in order
to assist inventory compilers and users in determining the
appropriate procedures to be followed. Leaving aside “artefact”
scale (although commonly considered in the field of CH, it has
not been included within the range of scales studied in this
paper), three main categories of CH assets have been
established: “rural landscape”, “urban landscape” and
“architectural” scales. The term “rural landscape” is applied to
those cases where an extensive rural area exists. If the study
case has a similar extension area to rural landscape cases, but
instead of a rural environment it exists in urban space, the term
“urban landscape” is adopted. Finally, “architectural” scale
refers to those cases where the object in question focuses on a
larger scale than in the two previous cases and where the Z axis
is predominant (buildings, monuments, sculpture statues, etc.).

2.1 Overview of time-varying representations

The 4D model generation that has to be implemented in CH can
cover a large variety of situations, depending on the type of
temporal analysis that is required (Figure 1).

Based on surveyed dala +
philological analysis

Based on surveys +
prediclive analysis

.

-
-

-0

4D Model Likelihood (%)

0 1000 1500 'I‘l‘;f:l.)-" 2000 2100
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Figure 1. Three cases of time-dependent 3D analysis covered
within the framework of the analysis of our legacy through
time.

With reference to Figure 1, it is possible to identify three typical
4D model generations that can be produced for any CH asset:

a. Reconstruction of the diachronic evolution of a structure
or environment that does not exist any longer, possibly
with the exclusion of a few archaeological remains. This
is generally associated to lost heritage, where partial
traces arrived to the current age and will require the
combination of surveyed data and philological analysis;

b. Reconstruction of the diachronic evolution of a structure
or environment based on the historical analysis of data
acquired on physically accessible assets at the current or
a previous time (the blue highlighted area in Figure 1);

c. Prediction of the diachronic evolution of a structure or
environment into the future based on the historical
analysis of data acquired on physically accessible assets
at different times.

Although all cases involve diachronic representation, the first
and second cases (a and b) differ in the way in which 3D data
can be collected, implying different concepts of 3D data
integration:

1. In cases b and c, the creation of the time-varying
representations is based on rigorous metric 2D or 3D
data, derived from a wide variety of sensors in
physically accessible scenarios at different stages. For
example, 3D models acquired at different times of a
collapsing building surveyed during its deterioration;

2. In case a, the creation of time-varying documents or
representations are based on the use of mixed sources,
both metric and non-metric. For example, 3D
reconstruction of a roman building at different stages
according to both the 3D scanning of its remains and to
historical sources.

In all cases, the concept of data fusion covers different aspects
that are discussed below.

2.2 Previous work on time-varying representations

4D analysis based on real data captured on-site has been carried
out mainly at urban levels due to the general availability of
historical aerial images that allow the analysis of urban
transformation and 4D modelling (Patias et al., 2011; Adami,
2015). The automatic processing of historical aerial images is
not a trivial task, since it involves the recovery of unknown
parameters (Redecker, 2008), which could yield geometric
errors (Nocerino et al., 2012), and therefore mislead subsequent
4D analysis. For large CH sites, the optimal solution comes
from the multi-source data sensor integration (Guidi et al.,
2009), where the different methods and techniques balance their
own drawbacks to reach an efficient solution (Gonizzi Barsanti
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et al., 2012). An example of the spatial-temporal analysis of a
rural landscape is shown in Modica et al. (2011) where several
geomatics technologies were employed, being one of the most
efficient in the remote sensing imagery (Ratcliffe et al., 2004).
For CH elements of reduced dimensions, such as buildings or
archaeological remains, the reconstruction of temporal
evolution is carried out on the basis of metric/non-metric data,
such as historical drawings (Nocerino et al., 2014).

Besides reality-based models, in recent years reconstructive
models have also assumed an interesting role, for the possibility
to visualize architecture that no-longer-exists. This is achieved
through an analytical process based on the integrated knowledge
of historical sources and real 3D data. For more than two
decades researchers have discussed the use of virtual
reconstructions of environments that no-longer-exist as an
instrument for the interactive interpretation of archaeological
ruins or heavily stratified archaeological sites (Barcelo et al.,
2000), for the presentation of generic cultural sites (Maver,
2001) and even for new archaeological discoveries (Frischer et
al., 2008).

In order to define a shared standard based on strict
methodologies, different relevant initiatives have been
suggested by the Computer Applications and quantitative
methods in Archaeology - Virtual Archaeology Special Interest
Group (CAA-VASIG), the Cultural Virtual Reality
Organization (CVRO) and from the European project EPOCH
(www.epoch-net.org). Some of these contributions have been
reported in the London Charter (www.londoncharter.org), the
main aim of which is establishing internationally-recognized
principles for the use of computer-based visualization by
researchers, educators and Cultural Heritage organizations. On
the basis of such criteria, several 4D projects have been
developed that have integrated 3D data capture of a
contemporary scene with 3D data of the same site reconstructed
from paintings representing rigorous perspective views (EI-
Hakim et al., 2008), or from plans giving the horizontal
footprint of a building and drawings for reconstructing the
elevation (Guidi et al. 2011). Moreover, other 3D data has been
extracted from written sources describing different historical
stages of a building (Micoli et al., 2013), or using the size of
actual excavated decorations and the knowledge of specific
rituals for adding geometrical constraints to the geometrical
reconstruction of a religious building (Guidi et al., 2014).

2.3 Overview of metric data sources

The 3D digital reconstruction and documentation of existing CH
assets for their next 4D visualization is a complex task that
typically involves a hybrid approach to fuse heterogeneous
datasets (Fai et al., 2011). The use of integrated approaches and
technologies represents a crucial aspect since CH elements and
sites usually present peculiarities that do not allow the definition
of standard methodologies and procedures for every situation
and context that it is possible to find. In this context, many
interesting applications have been developed in recent years
(Guidi et al., 2009, Callieri et al., 2011). Investigations have
confirmed, on the one hand, that the workflow is often complex
and requires expert assessment. On the other hand, it has been
shown that the optimization of final models is the best practice.
In order to overcome these critical aspects, the geotechnologies
that can be used and combined in order to acquire 3D
information of CH are classified according to the scale of the
study (Figure 2).
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Figure 2. Three dimensional survey techniques characterised by
scale and object size (derived from Bohler et al., 2001).
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Figure 3. Three dimensional survey techniques characterised by
complexity and object size (adapted from Bohler et al., 2001).

Due to their ability to collect large volumes of 3D data in a
rapid and accurate way, range-based techniques such as TLS,
MLS and ALS allow the acquisition of complex and versatile
data that can be used in different contexts in a non-contact and
non-destructive manner. On the other hand, image-based
techniques such as terrestrial or aerial photogrammetry (on-
board airborne systems such as gliders, trikes, drones, etc.)
including automated implementations of Structure from Motion
(SfM) algorithms, can provide valuable spatial object models
adding high-quality photographic texture information. SfM
approaches allow the reconstruction of 3D scenes (structure)
and camera pose (motion) through sets of 2D images. The
process mainly consists of image matching, camera orientation
and self-calibration, and dense point cloud generation. These
processes are based on a projective geometry and include the
derivation of interior and exterior orientation parameters of the
taking cameras. In computer vision, in contrast to the
photogrammetric field, automation is more important than
accuracy, however cooperation between both disciplines is
allowing a compromise to be reached.

The continual fall in prices of both range and imaging sensors
now offers the possibility for the digitalization of sites and
objects to become more widespread, and is stimulating
investigations into the possibilities of sensor and data
integration with the aim of optimizing final results. In this
context, one of the goals of analysing CH through time is to
provide a methodology that can benefit from the advantages
offered by both laser scanning and photogrammetry. The
challenge is to define processes and methodologies to integrate
different approaches and solutions within typical multiscale
heritage contexts.
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Rural Landscape

Urban Landscape

Architectural

e High-medium resolution satellite

o Aerial photogrammetry

e Close-range aerial

imagery ) photogrammetry
Passive Systems o Aerial photogrammetry * Terrestrial photogrammetry o Terrestrial photogrammetry
« GNSS * GNSS  GNSS
e Airborne Laser Scanning
o Airborne Laser Scanning e Mobile LiDAR Systems e Long-medium range TLS
Active Systems o . .
e Mobile LiDAR Systems e Long-medium range TLS o Total stations

o Total stations

Table 2. Set of geotechnologies appropriate to 3D data acquisition in CH environments classified according to the dimensions of
the element or site under study.

Scanning system Use

Typical accuracy and operating range

ALS

Time of flight TLS (with support data) and surface models

To map and prospect landscapes (including forest areas)

To survey building fagades and interiors, resulting in line drawings

>0.05 m + (depending on the parameters
of the survey) / 100 m— 3500 m

3-6 mm at ranges up to several hundred
meters

To survey building fagades and interiors, resulting in line drawings

Phase-shift TLS

(with support data) and surface models — particularly where rapid

5 mm at ranges up to 50-100 m

data acquisition and high point density are required

MLS changes, etc.

For city models, as-built documentation, monitoring environmental

10-50 mm / 100-200 m

Table 3. Laser scanning techniques used in CH management activities (adapted from Barber et al., 2006).

2.4 Fusion of metric and non-metric data

In addition to 3D digital surveys, performed through an
integration of technologies as described previously, the
reconstruction of structures that are nowadays partially or
totally destroyed might be based on a multiplicity of historical
documents that very often have non-metric properties, such as:

e historical maps;

e ancient photographs;

e ancient drawings and sketches;

e ancient paintings, which represent tilted views of non-
existing scenarios (especially useful for the height
reconstruction of buildings);

e other historical iconography;

e written descriptions on ancient texts;

e indirect geometrical deductions.

The first step for historical reconstruction starts with
redesigning in CAD software an updated version of the
documents (e.g. ancient maps), or applying some perspective
estimation deduced from the old graphical representation. Such
historic data lack in objectivity and mutual coherence due to
reasons such as: the line thickness of old drawings; the presence
of errors in ancient surveys and restitutions; the distortions
introduced by the different reproduction devices used to
generate the current paper instance of a particular document;
improper conservation of the original document (e.g. due to
humidity/temperature stress), that may give a low accuracy in
the final representation. Such lack in objectivity requires a
further step for adaptation from rough graphic output of the
traditional representation technique to the precise CAD
drawing, maintaining a proportional coherence between single
pairs and the whole (Guidi and Russo, 2011). The presence of
non-coherent variation in dimension and proportion among
drawings of different historical periods can be compensated by
non-uniform scaling. The correction of these traditional

representations is derived from real elements in the structures
that can still be precisely measured (e.g. a building footprint).

In addition, indirect estimations may give additional
geometrical information as to the volumes of some structures.
For example, the amount of debris collected during an
archaeological excavation can be directly measured if the
excavation is still in progress, or may be documented by old
images from an old excavation. Similarly, ancient cadastral data
may give the expected population in a certain area of a city,
providing a rough estimate as to the number of inhabitants to be
accommodated, and by inference the number of floors for
certain buildings. Finally, information about rituals may ensure
the complete occlusion of a holy building with respect to a
determined structure, providing indirect additional constraints to
be mixed with the other clues for estimating the possible height
of no—longer-existing buildings (Micoli et al., 2013).

3. CURRENT GEOTECHNOLOGIES FOR DATA
ACQUISITION

The most important parameters related to the scale of the CH
assets and the suitability of different geotechnologies for data
acquisition are described in depth in this section. Nowadays,
two main data acquisition methods are used to generate 3D
models of the current state of CH: image-based and range-based
techniques, which use passive and active sensors respectively.
Depending on the particular case study and the working scale
different geomatic systems are recommended, as Table 2 shows.
Some of the geotechnologies classified as passive or active
systems in Table 2 can be defined as hybrid systems, for
example MLS which integrates navigation (GNSS/INS), range
(laser scanners) and imaging (cameras) sensors, but they are
kept in the active-passive dichotomy for the ease of
understanding.
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Table 3 specifies the suitability of each of the laser scanning
techniques concerning their applicability to CH studies and
within the framework established by the analysis of CH through
time. Note that short-range or triangulation-based laser scanners
have not been considered since they are commonly used to
document small objects, at the artefact scale, with a higher level
of detail. Aside from the working scale, there are certain
parameters that will influence data acquisition planning and data
processing and, therefore, will provide the best suitability
towards using a specific technology. Table 4 shows the most
important parameters. The network design (distances, number
of station points, angles, etc.) will depend on these parameters.
A qualitative classification has been applied for the three
different scale levels. In this way, each CH scale is scored from
1 to 3, meaning “low”, “medium” and “high”, respectively,
depending on the level required for each of the variables (Table
4).

Parameters Rurall. Urbanl. Archit.
Extension of the area to be measured ©® ® @ (X o
Complexity of the CH element o (X} (X X
Amount of data captured (X eoo [ X
Ti;r;lij (;r(;scl:;:g gin data acquisition ° P eoe
Complexity in data integration o [ XX} °
Level of detail ° [ X ) (X X
Precision required o (X} (X X
Spatial resolution ° (X} (XX
Scoring meaning: ® @ @ High ® ® Medium ® Low

Table 4. Scoring of parameters that influence acquisition,
processing and integration tasks depending on the CH scale of
study.

Table 4 highlights that, broadly speaking, architectural studies
are the most restrictive in terms of the evaluated features, since
the process of documentation in such an environment is more
complex. Intensive processing and modelling steps are
necessary given the high spatial resolution of data captured,
which is explained by the level of detail required. For that
reason, it sums to the highest total score of the three levels of
scale considered. In addition, the most remarkable factor for
rural landscape studies is the extension of the area to be
documented since, generally, this is the largest of the three
scales established. Finally, regarding urban environments, it is
worth noting that it essentially represents an intermediate case
between rural landscape and architectural scales. For urban
landscape scale studies, a greater amount of data can be
collected due to its inherent man-made characteristics.
Therefore, a greater variability of suitable sensors has to be
used, as shown in Table 2. The raw data that is acquired has to
be transformed into more usable products through multiple
processing steps.

4. 4D DATA MANAGEMENT

Once a 4D dataset has been collected and registered, it is
necessary to use specific tools and methods that will allow their
integration in order to undertake CH management, analysis and
visualization tasks. Although Building Information Modelling
(BIM) is used in modern architecture for representing buildings,
not only graphically but also as a hierarchy of functional parts,
its concepts have been ported to the world of ancient buildings,
leading to the term Heritage BIM (HBIM) (Murphy et al.,
2009). This also requires an interpretation of the collected 3D

data that have to be subdivided in a semantically logical way
(De Luca et al., 2006).

GIS and BIM models have the ability to integrate digital data
and representations of the real world from different systems.
They are not mutually exclusive but rather complementary
methods that are used to support decision-making and problem
solving depending on the CH scale. It is not easy to reach a
global consensus in this matter; however, between rural
landscape and architectural scales the difference becomes more
noticeable. For these last two scales, a GIS and a BIM model,
respectively, are the most suitable solutions to integrate the
processed data. Meanwhile, for an urban landscape scale there
is less of a consensus to decide which of the two systems is the
most appropriate in this regard. This is because BIM is used in a
relatively micro level of the real world (architecture and handles
mainly indoor data) linked to three dimensional solids and
surfaces; and GIS is used in macro level of the real world
(terrain, land parcels and outdoor data), traditionally paired with
two dimensional data.

As Table 5 shows, BIM is commonly used to navigate within a
building and its hierarchy structure for planning, design,
construction and management. 3D modelling is just one aspect
of BIM that has hogged the limelight, but its real strength and
power lies in the knowledge database. This is the reason for its
use in conjunction with other software tools to deliver quick and
reliable information in areas of sustainability, structural analysis
and reconstruction (Sah and Cory, 2008).

Meanwhile, the strength of GIS lies in the ability to provide data
referenced by spatial or geographic coordinates. Thus, a GIS is
both a database system with specific capabilities for spatially
referenced data, as well as a set of operations to spatial data
management. High-level geospatial datasets are required
together with a relational database. The optimal situation would
be to encompass the advantages of both systems, so that a final
toolset would allow an easy data translation that optimizes the
capabilities of the separate software and methods. In this regard,
Irizarry et al. (2013) integrated BIM and GIS into a unique
system, which enabled tracking of the supply chain status and
providing warning signals to ensure the delivery of materials.
GIS is widely used for integrating, visualizing and analysing
information about real world assets, such as buildings and
transportation infrastructure, with surrounding context that may
include environmental, demographic, structural, and scientific
information (de Laat and Van Berlo, 2011).

Open source tools Uses

o 3D digital representations of buildings
or infrastructures

e Includes descriptive info (dimensions,

s BIMx materials, manufacturers, etc.)
& BIMvision e Aids in proper design, construction,
operation and maintenance
e Drawback: file sizes and complexity
make difficult to repurpose
gGSIISG e Map and analyse geographic features
\4
e Uses location, mainly imager
» MapWindowGIS v magery
T Flowmap e Conveys data on a large scale
SAGA GIS e Data mo_dels, attrlbute_s, simple
Whitebox GAT geometries, and domains

Table 5. Most common uses of BIM and GIS, and some of the
open source software available.

This contribution has been peer-reviewed.
doi:10.5194/isprs-archives-XLIl-2-W3-609-2017 613



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-2/W3, 2017
3D Virtual Reconstruction and Visualization of Complex Architectures, 1-3 March 2017, Nafplio, Greece

In the GIS world, the term GeoDesign has been used to refer to
a scenario-based planning process that applies decision making
to spatial problems in the context of local and regional features
and characteristics. BIM derived originally from CAD more
than from GIS. Initially CAD and GIS were technologically
very close. However, their development went in different
directions and now they are very far from each other, not only
in the scale and Level of Detail (LoD), but also differences in
semantic, terminology, techniques, coordinates, etc. (Hijazi et
al., 2010). A major difference is the lack of primitives in GIS
modelling (used in CAD) and, on the other hand, usually a lack
of topology in CAD which is basic in GIS. Therefore, the
problem of integration between BIM, as an extension of CAD,
and GIS is essential in the use of 4D modelling in CH. An
interesting approach for the integration can be found in Hijazi et
al., (2010) where the BIM4AGEOA concept was presented. BIM
and GIS are databases, however different, and the integration
platform can be built using the database platform; for example
spatial open source Postgres/PostGIS (Hijazi et al., 2010,
Boysen et al., 2014). In the literature on the integration of BIM
and GIS, authors commonly use standard Industry Foundation
Classes (IFC), as an input data format for BIM and Open
Geospatial Consortium (OGC, Web Map Service - WMS, Web
Feature Service - WFS, Geography Markup Language GML
etc.) as a standard input GIS format. BIM/GIS integrated in one
spatial database could be easily published on a web platform to
enable visualization (Section 5) and browsing by different end
users.

5. VISUALIZATION

Nowadays, hardware and software resources are used to create
new applications, platforms and systems with the aim of
visualizing and managing large digital datasets in real-time. In
some cases, they are not limited to simple visualizations with
animation sequences of 3D models but rather they can be linked
to databases in order to arrange the digital information for
different purposes, such as studies, analyses (queries),
preservation, simulations and divulgation. In addition, they can
take advantage of well-known 3D visualization technologies
such as Virtual Reality (VR) and Augmented Reality (AR).

5.1 Devices

Although virtual technologies and related devices such as Head
Mounted Displays (HMD) have been well known for two
decades in military and medical simulations (Billinghurst,
1998), recent low-cost developments in the gaming industry
have strongly revamped these technologies, proposing low cost
devices for VR and AR with functionalities very similar to the
original ones at a fraction of the original cost. For this reason
they are bringing VR to consumers worldwide, and not only in
the video gaming area. They are becoming increasingly popular
thanks to their potential for natural and intuitive user
interaction. Among existing systems for CH virtual
applications, it should be noted that VR is very useful to
represent CH through time. VR is a computer-simulated life or
immersive multimedia experience where the real world is
replaced by a virtual one and the physical presence is simulated.
VR begins to play an important role in museums where different
historical scenarios are simulated, giving the possibility to
explore them again (Loizides et al., 2014). VR is paving the
road to a new and exciting way to communicate historical
information, where the user is completely immersed in an
interactive world.

Game engine software such as Unity (commercial) or Blender
VR and Demotride viewer (both freeware) allows the
integration and management of external devices with the aim to
integrate the wuser’s body movements during the visual
simulation. VR devices can also be integrated among them to
interact and navigate in a complex 4D (3D + time) scene, as
well as to provide access to digital media contents of CH
monuments and sites. In this way, fragile CH environments
such as rural and urban landscapes as well as architectural
places can be virtually visited, studied and analysed without
being damaged. Many applications have been already produced
in the CH field for simulating archaeological sites in a shared
virtual environment (Vote et al., 2002), for virtually accessing
an underwater archaeological site (Haydar et al., 2011), or
allowing different experts and scholars to interact with small
CH elements or sub-elements in AR (Fernandez-Palacios, et al.,
2015).

5.2 Data optimization

Despite recent technological breakthroughs, limitations still
exist regarding the VR visualization and management of huge
datasets with a fluent real-time interaction. In fact, 3D recording
techniques produce optimal and accurate photo-realistic 3D
models which generally have very large data sizes. The
management of both digitalized historical collected data and
current datasets is therefore not a trivial task, due to their size
and the high level of processing requirements. Therefore, an
optimization approach for the correct 4D VR visualization and
management in real-time is needed, covering the following
tasks:

e Optimization of digitalized analogue format data and

2D digital data:

o Metadata optimization;

o Digitalization: simplify resolution;

o Database optimization.

e Optimization of 3D datasets:

o 3D models segmentation;

o Geometric optimization: normal and displacement
maps (for the high and low resolution details
respectively);

o Radiometric optimization: texture simplification,
unwrap techniques.

The need to optimize data is mainly due to the employment of
polygonal 3D models. These are often composed of millions of
polygons and high resolution images. Due to their large size,
they are difficult to handle on standard devices, firstly because
of the time required to upload and process data associated with
large polygonal 3D models and large 3D datasets. Secondly, the
real-time visualization of 3D models is constrained by a
device’s graphics card performance. It is therefore necessary to
optimize the 3D models. From a geometric point of view, the
number of vertices will be reduced to optimize the geometry.
However, it has been demonstrated that appropriate 3D
processing may give up to 25 times less polygons of the original
acquired 3D model, still maintaining the same geometrical and
visual aspect (Guidi et al., 2016). Normal and displacement
maps will therefore be used to maintain all the relevant details
and textures. From a radiometric point of view, UV unwrapping
techniques will enable the optimization of texture files.

In order to carry out the simplification and optimization tasks to
visualize the different 3D products through the Web, it is
possible employ open source libraries, such as Cesium
(WegGL, 2016), or Geoweb 3D (GeoWeb, 2016). Moreover,
the data exchange and rendering it is an issue under study, since
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it could improve the data transmission and data streaming by
means of a Level of Detail (LoD) visualization (Limper et al.,
2014). An implementation of the above-mentioned
simplification, optimization for web visualization of a large
extension archaeological site (landscape scale) is shown in
Torres-Martinez, et al., (2016).

Once the datasets are optimized, in order to recreate a 4D VR
simulation, the 3D models of interest (current and past or future
hypothetical situation) must be referenced to a unique
coordinate system (local or global), scaled and overlapped with
the same origin and orientation and used to create temporal VR
visualizations to highlight changes. In this way, VR
technologies and devices allow users to navigate and visualize
the entire CH site, through time, which comprehensively reveals
the detailed diachronic evolution (e.g. restorations, construction
phases, demolitions, influence of natural phenomena, etc.) of
the elements under study. The user can emulate and visualize
the sequence of construction operations involved as a coherent
and unified process. Virtual technologies (Virtual, Augmented
and Mixed Reality) and devices (headset, 3D sensor, etc.)
depend on the CH scale study case. In any case, for urban
and/or rural landscapes as well as architectural cases studies,
VR applications present an unparalleled solution to visualize
and manage these kind of data.

6. CONCLUSIONS

Representing the relationship between time and space provides
a powerful mechanism to visualize and communicate design
intent. It can be useful not only to study and analyse our past,
but also to foresee possible risks in the future. This manuscript
provides a comprehensive overview to conducting studies of
CH assets over time for three working scales and different
environments: rural landscape, wurban landscape and
architectural scales. It serves as an initial guide for organizing
all the tasks, from collecting historical documentation, acquiring
current data of the CH element, processing to visualizing
results. It is oriented to perform studies through time, including
the monitoring of CH assets that still exist or that no longer
exist but whose time evolution left current remains on the
landscape. Furthermore, an estimation of the time spent in each
method phase is provided. Meanwhile, due to the wider scope of
the topic addressed, this document is open to be supplemented,
especially in those method stages containing greater ambiguity
and variability for the requirements of each specific case study
and data to be collected. Therefore, the analysis of CH through
time, as described here, is open to be enhanced with other
specific studies depending on the particular CH scale.
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