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1. INTRODUCTION 

1.1  MOTIVATION 

Cultural Heritage (CH) information is the basis for the monitoring, management, routine maintenance, study 

and promotion of a CH site and provides a way to transmit knowledge about heritage places to future 

generations. In this way, the “Cultural Heritage Through Time” (CHT2) project was born with the main aim 

of merging heterogeneous information and expertise to deliver enhanced 4D (3D+time) digital products of 

CH assets. CHT2 is working on the full integration of the temporal dimension and its management and 

visualization for studying and analysing CH elements through time. 

1.2  OBJECTIVES 

In this context, the overall objective of this work package is to achieve a clear and efficient methodology 

to standardize hybrid approaches and visualize heterogeneous datasets such as survey data, CAD drawings, 

photographs, 3D non-contact data (as those from laser scanning or photogrammetry), and semantic data 

among others, jointly in virtual web platforms to facilitate CH 4D analysis by different end users for diverse 

purposes.  

This will result in promoting the use of the methodology proposed to 4D visualization of CH elements and 

scenarios achieving greater disclosure for their information via the web and, in addition, the 3D models 

generated will serve as a basis to perform simulations of possible future risks or changes that these elements 

may incur during a planned or hypothetical restoration process. 

To achieve this overall objective the following specific objectives have been established: 

● to advance the standardization of CH model formats; 

● to increase the amount of historical information available about CH elements as well as compiling 

and linking them to their current status to perform studies of their evolution over time; 

● to consider the possibility of performing not only studies with a past perspective (construction 

stages, damage suffered over time, etc.) but also a future predictive perspective as for instance, 

foresee structural problems, monitoring CH assets in rehabilitation processes and their 

management. 

1.3  BACKGROUND 

It is a fact that there is an increasing commitment to preserve and restore CH fostering its better 

management, study or promotion. CH is a rich legacy to the current generations who have an undeniable 

responsibility to preserve it for future generations. The heritage is an important cultural, social and economic 

resource highly enriching to the society that appreciate it and knows how to maintain its authenticity, 

integrity or the memory of its original state and the probable evolution to its current state. Research, 

conservation and restoration of the world heritage assets is a complex task that is being addressed from a 

multidisciplinary perspective and thus fulfils the task of preserving and improving this heritage from a social 

commitment. In this way, the legacy is safeguarded by ensuring its accessibility to present and future 

generations trying to minimize future damages or losses on them and trying to keep its original state. On 

the other hand, the knowledge about lost Heritage allows understanding the current remains supplying the 

content for promoting them with current digital tools, better justifying their conservation.  

Due to the advances in new technologies, research and innovation improvements are increasingly noticeable 

not only in the acquisition of data but also in the ability to span multiple complementary fields from methods 
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and techniques of digitization of historical documents to linking data and dissemination them for a better 

understanding and perception of their evolution through time.  

This is the starting point to carry out studies on various elements of the world CH with the purpose of seeing 

the evolution or changes that they have experienced through time. To this end, it is necessary to perform 

an intensive work to collect historical documentation of the element under study. This historical information 

may be more or less recent and in different formats, whether analogue in the form of texts, paintings, 

engravings, old photographs, maps, etc. or in digital format. Meanwhile, and with the aim of studying the 

current state and geometry of the CH element, various geotechnologies can be used from airborne to ground 

level, such as ALS (Airborne Laser Scanning) and TLS (Terrestrial Laser Scanners), aerial and terrestrial 

photogrammetry, GNSS (Global Navigation Satellite System), etc. 

1.4  SPECIFICATIONS AND USER NEEDS 

The most important parameters relating to the scale of the CH assets, the suitability of different 

geotechnologies for data acquisition, as well as the temporal documentation required to perform CH studies 

through time for different user profiles are described in the following sections. 

Working scales 

For a better understanding of the methodology proposed by this document to perform CH 4D analysis, it is 

helpful to group the CH assets according to some characteristics. One of the most common classifications 

of the cultural heritage studies is to categorize them according to the size of the element under study or the 

scale range in the following levels: artifact, architectural, urban and rural landscapes (Table 1). This 

classification may seem unsophisticated, although the addition of other variables would complicate the 

classification that would result in confusion when describing the analysis methodology. 

 

 

Table 1. Typical scale ranges for each of the CH categories commonly established (adapted from Kraak 

and Ormeling, 20111). 

 

Here, the different categories of CH assets covered by the framework of this project are specified to assist 

the inventory compilers and users in determining the appropriate procedures to be followed. Three main 

categories of cultural heritage 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 than rural landscape cases but instead of rural 

environment, it is urban, we are dealing with an “urban landscape” example. Finally, “architectural” scale 

refers to those cases where the object under study focuses on a scale higher than in the two previous cases 

and where Z- axis is predominant (buildings, monuments, sculpture statues, etc.). Note that although the 

                                                     
1 Kraak, M. J., & Ormeling, F. (2011). Cartography: visualization of spatial data. Guilford Press. 
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“artifact” scale is commonly considered in the field of cultural heritage, it is outside the range of scales 

studied by this project. 

Fusion of different metric data 

The 4D model generation that has to be implemented in CHT2, can cover a large variety of 

situations depending on the type of time analysis we intend to achieve.  

 

 

Figure 1: Three cases of time-dependent 3D analysis covered within the framework of the 

CHT2 project. 

 

With reference to Figure 1, we can identify three typical 4D model generation that can be 

produced for any cultural heritage asset: 

a. Reconstruction of the diachronic evolution of a structure/environment that does not exist 

anymore, possibly with the exclusion of few archaeological remains. This is generally 

associated to lost heritage whose partial traces arrived to our age; 

b. Reconstruction of the diachronic evolution of a structure/environment based on the 

historical analysis of 3D data actually acquired in different times on physically accessible 

assets; 

c. Prediction of the diachronic evolution of a structure/environment based on the historical 

analysis of 3D data actually acquired in different times on physically accessible assets; 

The first case and second two, although both aiming at a diachronic representation differs for the 

way the 3D data can be collected, involving different concepts of 3D data integration: 

1. With reference to cases b. and c. the creation of the time-varying representations is 

based on rigorous metric 2D or 3D data captured by a variety of sensors on physically 
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Figure 2: Three dimensional survey techniques characterised by scale and object size (derived from 

Böhler presentation CIPA symposium 2001, Postdam). 

 

Figure 3: Three dimensional survey techniques characterised by complexity and object size (adapted 

from Böhler presentation CIPA symposium 2001, Postdam).  

 

Due to their ability to collect a huge amount of 3D information in a rapid and accurate way range-based 

techniques, such as Terrestrial Laser Scanner (TLS), Mobile LiDAR Systems (MLS) and Airborne Laser 

Scanning (ALS) established their place in preserving cultural heritage. They allow the acquisition of complex 

and versatile data that can be used in different contexts in a non-contact and non-destructive way. On the 
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other side, image-based techniques like terrestrial or aerial photogrammetry (on board airborne systems 

like gliders, trikes, drones, etc.) including automated implementations of Structure from Motion (SfM) 

algorithms provide valuable spatial object models adding high-quality photographic texture information. SfM 

approaches allow reconstructing 3D scenes and camera motion through sets of 2D images, guarantying 

their preservation. The process mainly consists of image matching, cameras orientation and self-calibration 

and dense point cloud generation. These processes are based on projective geometry and consist of the 

derivation of parameters of interior and exterior orientation of cameras. In the computer vision field 

automation is more important than accuracy in contrast to the photogrammetric field. However, the 

cooperation between both disciplines is allowing a trade-off to be reached. 

The recent fall in prices of range and image sensors are actually offering the possibility to widen the 

digitalization of sites and objects and are stimulating investigations on the possibilities of their integration 

with SfM approaches with the purpose of optimizing final results. In this context, one of the CHT2 aims is 

motivated by the determination of providing a methodology that can benefit from the advantages offered 

by both laser scanning and photogrammetry and can meanwhile frame their use in a process that integrates 

different approaches and solutions within multiscale heritage contexts. 

Fusion of metric and non-metric data (case a) 

In addition to digital 3D surveys performed with integration of technologies as described above, 

the reconstruction of structures that are nowadays partially or totally destroyed, might be based 

on a multiplicity of historical documents that are very often non metrical, such as: 

● historical maps 

● ancient photographs 

● ancient drawings and sketches 

● ancient paintings representing with inclined views the non-existing scenario (especially 

useful for the height reconstruction of buildings) 

● other historical iconography 

● written descriptions on ancient texts 

● indirect geometrical deductions 

 

The first step of the historic reconstruction starts from redesigning with CAD instrument an 

updated version of the historical document (e.g. maps), or applying some forms of perspective 

estimation starting from the old iconographic representation5. These historic data lack in 

                                                     
5 Guihang Wang, Xuejin Chen and Si Chen, "Cut-and-Fold: Automatic 3D modeling from a single image," Multimedia and Expo Workshops 

(ICMEW), 2014 IEEE International Conference on, Chengdu, 2014, pp. 1-6. doi: 10.1109/ICMEW.2014.6890555. 
 
David Liebowitz, Antonio Criminisi, and Andrew Zisserman, "Creating architectural models from images," in Computer Graphics Forum. 
Wiley Online Library, 1999, vol. 18, pp. 39-50. 
 
Antonio Criminisi, Ian Reid, and Andrew Zisserman, "Single view metrology," International Journal of Computer Vision, vol. 40, no. 2, pp. 
123-148, 2000. 
 
Li Zhang, Guillaume Dugas-Phocion, Jean-Sebastien Samson, and Steven M Seitz, "Single-view modelling of free-form scenes," The Journal 
of Visualization and Computer Animation, vol. 13, no. 4, pp. 225-235, 2002. 
 
Derek Hoiem, Alexei A. Efros, and Martial Hebert, "Geometric context from a single image," in International Conference of Computer Vision 
(ICCV). 2005, vol. 1, pp. 654-661, IEEE.  
 
Derek Hoiem, Alexei A. Efros, and Martial Hebert, "Recovering surface layout from an image," Int. J. Comput. Vision, vol. 75, no. 1, pp. 
151-172, 2007.  
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objectivity and mutual coherence due to different possible reasons such as the line thickness of 

old drawings; to the presence of errors in ancient surveys and restitutions; the distortions 

introduced by the different reproduction devices used to generate the actual paper instance of a 

particular document; the improper conservation of the original document (humidity/temperature 

stress) that may give a low accuracy of representation6.  

Such lack in objectivity need a step of “translation” between the rough graphic output of the 

traditional representation technique and the precise CAD drawing, maintaining a proportional 

coherence between the single pars and the whole. 

The presence of non-coherent variation in dimension and proportion between drawings of 

different historical period can be compensated by non-uniformly scaling the traditional 

representations according to the real elements coming from the structures that can be still be 

precisely measured (e.g. a building footprint). 

In addition, indirect estimations may give additional geometrical information on 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 can be documented by old images 

for an old excavation7. Similarly, ancient cadastral data may give the population expected in a 

certain region of the city, providing a rough guess about the number of inhabitants to be 

accommodated in a certain area and therefore the number of floors for certain buildings. Finally, 

information about certain 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 guessing the possible height of not anymore existing buildings8. 

Studies through time and final user profiles 

Depending on the timeline of the study case under consideration, CH analysis through time can be divided 

into: 

● Analysis of historical changes 

In this type of 4D analysis, changes that the CH element has experienced over time due to different 

construction phases, damages or changes after a restoration, demolition, erosion or expansion will 

                                                     
Ashutosh Saxena, Min Sun, and Andrew Y Ng, "Make3d: Learning 3d scene structure from a single still image," Pattern Analysis and 
Machine Intelligence, IEEE Transactions on, vol. 31, no. 5, pp. 824-840, 2009.  
 
C. Stefani , L. De Luca, P. Véron, M. Florenzano, Time indeterminacy and spatial-temporal building transformations: an approach for 
architectural heritage understanding, International Journal on Interactive Design and Manufacturing (IJIDeM),2010, Volume 4, Issue 1, pp 
61-74. 
 
6 Guidi, G.; Russo; "Diachronic 3D reconstruction for lost cultural heritage", ISPRS - International Archives of the Photogrammetry, 
Remote Sensing and Spatial Information Sciences, Volume XXXVIII-5/W16, 2011, pp.371-376. 

 
7 Guidi, G.; Russo, M.; Angheleddu, D.; Zolese, P., A virtual connection between past and present: The digital revival of Cham's Architecture 

(Vietnam), 18th International Conference on Virtual Systems and Multimedia (VSMM), 2012 , pp.361-368. 
8 Micoli, L.; Guidi, G.; Angheleddu, D.; Russo, M., A multidisciplinary approach to 3D survey and reconstruction of historical buildings, 

Digital Heritage International Congress (DigitalHeritage), 2013 , vol.2, no., pp.241-248 
 
Guidi G., Russo M., Angheleddu D., 3D survey and virtual reconstruction of archaeological sites, Digital Applications in Archaeology and 
Cultural Heritage, Volume 1, Issue 2, 2014, Pages 55-69 
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be displayed. This type of analysis would include anthropogenic factor, for example, changes in the 

CH element or site due to war processes. 

● Simulations and monitoring processes 

The aim of this type of 4D analysis is to virtually recreate an operation or modification process of 

the CH element that either will occur in the near future or will provide knowledge of its behaviour 

under a hypothesis. This will help to carry out a better pre-planning at the early stages of restoration 

when optimal solutions can be planned and implemented. For the monitoring case, a data 

acquisition of the CH current state (prior to the transformation process) and a series of successive 

acquisitions during the period of changes until its final state is required. For instance, changes in 

the CH due to anthropogenic activities or intervention, earthquakes or other anticipated natural 

hazards such as changes due to coastal/fluvial erosion. 

● A combination of the above situations 

Analysis covering both changes over time (historical changes) and simulations of a hypothetical 

process that has not happened yet. 

 

Based on the above classification, it will be necessary to apply a specific methodology depending on whether: 

(i) collecting and digitizing historical documentation, (ii) collecting current data, (iii) merging datasets from 

various sources are necessary to visualise changes that the CH asset has suffered over time.  

The final 4D models will be published and presented in a user-friendly way, so that different kinds of users 

can actually retrieve the data and acquire useful information, using Internet and visualization techniques. 

The following profiles of final users are forseen: researchers, scientists, engineers, architectural restorers, 

archaeologists, environmental specialists, tourists, students and media among other. The associated 

information linked to the 4D models in form of layers will be dependent on the needs of the end user. 

Next, Section 2 summarizes the methodology required to process and hybridize 3D data to perform multi-

source, multi-content and multi-scale 4D analysis of Cultural Heritage.  

2. METHODOLOGY: FROM DATA COLLECTION TO CH 4D ANALYSIS 

The methodological procedure required to analyse CH elements or sites from a 4D perspective (3D + time) 

depends on both the working scale and the historical data available for each particular case study. This 

section seeks to provide a unique but broad methodology (Figure 4) for the CH analysis through time. 

Following this ease of use, the pipeline is divided into four main phases, specifically: 

1. Data collection 

2. Processing 

3. Fusion 

4. Analysis of results 

The historical data available, accessible geotechnologies for the data acquisition and final results will depend 

on each working scale and case study. These peculiarities are described for the three CH working scales 

considered (section 1.4) in sections 2.1, 2.2 and 2.3 respectively. It should be highlighted that in rural 

landscape CH studies the horizontal plane is predominant against the vertical one, as opposed to what 

happens for the urban landscape and architectural scales where the Z component is more relevant. The final 

4D visualization of results will be conditioned by the final user profile so that the visual platform will provide 

access to adequate information depending on the user requirements and the final goal pursued. 
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Figure 4: Simplified diagram of the methodology for the integration of CH data in order to perform 4D 

analysis. 

 

Figure 4 shows the processing tasks of the workflow approached from a dimensional perspective (2D or 3D 

data format). However, the data collection step, which includes both historical and current data, is described 

from a different point of view based on the main source of data from which it comes. Thus, as detailed in 

the following point, data collection has been classified into: (i) geometrical, (ii) thematic, (iii) 

Historical/cultural and (iv) non-conventional sources. 

2.1  DATA COLLECTION 

Due to variability of data sources and in order to provide a more compact summary than the one shown in 

Figure 4, all available information sources are here classified from a quantitative and qualitative point of 

view and regarding its geometrical character. It is listed depending on the CH working scale (Figures 5-7) 

considered by each particular study within the framework of this project. Although it is not an extensive 

classification, it is a meaningful compilation that is open to other possibilities and variations. That is why the 

collaboration of experts in the different areas of knowledge is needed and recommended to enrich and 

complete it. 

 

Rural landscape scale 

 

 
Figure 5: Data collection sources for the rural landscape CH scale. 
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● Geometrical sources: In this case, the geometrical data is provided by active or passive airborne 

techniques. The aerial photogrammetry can be considered as the main source due to its longest 

temporal span dating back to mid XIX up until now. On the other hand, relatively new, ALS 

technique provides more robust measures of the rural landscape as it can penetrate the vegetal 

cover providing more detailed information about terrain. Nevertheless, the temporal range of these 

type of data is relatively narrow covering approximately last two decades. ALS data can be used as 

a good geometric support for the integration of the different data formats (fusion process in Section 

2.3). In addition, since the 70s it is possible to obtain information from satellite images, which 

provide information in different spectrum wavelengths while covering vast territories as well as the 

great contribution of the miniature Unmanned Aerial Vehicles (UAVs) since the beginning XXIth 

century in terms of flight flexibility (path planning, height and frequency of flights) and resolution 

provided. 

 

● Thematic sources: In this category, the objective information ranges from geometrical qualitative 

data (e.g: geological or nautical maps) to quantitative data with an indefiniteness on its spatial 

representation (e.g: rainfall series). 

 

● Historical and cultural sources: The common attribute here is the subjectivity of the information 

with no rigorous geometrical representation or even any kind of geometry associated. They can be 

divided into literal or graphical information. The first corresponds mainly with text or reports, while 

the graphical information includes such diverse elements as historical maps (their precision cannot 

be assured), drawings, paintings, etc. 

 

● Non-conventional sources: This last category, includes all those data sources that do not come 

from an ordinary source e.g. oral tradition or current informally data collected by popular initiative 

(e.g: geo-sponsorship) or derived from geometrical sources by crowdsourcing initiatives but 

without appropriate quality assurance (e.g: openstreetmap). 

 

 

Urban landscape scale 

 

This working scale offers the possibility of using a greater variety of sensors, (presented in Table 2) to 

perform data acquisition of the current state of the CH assets and with the option of being boarded on both 

terrestrial aerial platforms. 

 

 

Figure 6: Data collection sources for the urban landscape CH scale. 

 

● Geometrical sources: For the urban landscape scale, the geometrical data can be provided by both 

aerial and terrestrial sensors with a great variety of geotechnologies. The innovation of Mobile 

LiDAR Systems (MLS) should be highlighted within the active techniques for urban landscape scale 

due to its exclusivity of use for the working scales considered in this project. It is an innovative 

mapping solution that collects survey-quality point data quickly and accurately, recording 

information of all existing elements in the streets of the city. However, the temporal range of its 
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available historical data is very scarce. In addition to this data source, it is possible to obtain 

information from airborne laser sensors (ALS) and Terrestrial Laser Scanners (TLS). Meanwhile, 

and with greater temporal significance, it is possible to collect a great variety of images (single, 

stereo or multi-images) at both aerial and terrestrial level for the subsequent processing off-line. 

 

● Thematic sources: In this category, the objective information ranges from geometrical qualitative 

data (e.g: construction materials) to quantitative data with an exact definition on its spatial 

representation (e.g: cadastral information, restored areas, etc.). 

 

● Historical and cultural sources: As in the rural landscape scale, the common attribute here is the 

subjectivity of the information with no rigorous geometrical representation. Compared with rural 

landscapes, besides historical documents, drawings and paintings it is noteworthy that in urban 

environments it is more probable to find engravings as graphical information. 

 

● Non-conventional sources: Finally, in this category all data collected from non-common sources is 

included e.g. oral tradition or current informally data collected by popular initiative (e.g: geo-

sponsorship) or derived from geometrical sources by crowdsourcing initiatives and social media but 

without a quality assurance (e.g: openstreetmap). In addition, highlight that at this scale it would 

be possible to find wooden models of the urban area to be studied. 

 

Architectural scale 

 

 

Figure 7: Data collection sources for the architectural CH scale. 

 

● Geometrical sources: At this level of study, land acquisitions with a great level of detail come first 

even though they can be complemented by detail aerial images of some specific and localized areas 

of the CH asset. In this way, the most representative data source, that can also serve as the basis 

for the integration of the remaining collected data, is range data acquired by different Terrestrial 

Laser Scanner (TLS). This data source can provide a support since it guarantees a great accuracy 

in the measurements. In addition, a large set of terrestrial or aerial images can be used as inputs 

to automate the image-based processing from 2D to 3D data or just to be linked as semantic layers. 

 

● Thematic sources: In this category, the objective information ranges from geometrical qualitative 

data (e.g: construction materials, anthropogenic or natural damages suffered) to quantitative data 

with an exact definition on its spatial representation (e.g: restored areas, demolitions etc.). 

 

● Historical and cultural sources: Compared with rural and urban landscape, highlight that at this 

working scale is more probable to find engravings as graphical information in addition to the 

remaining historical and cultural data sources that Figure 7 shows.  
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● Non-conventional sources: This last category, includes all data collected from non-common sources 

e.g. oral tradition or current informally data collected by popular initiative (e.g: geo-sponsorship) 

or those derived from geometrical sources by crowdsourcing initiatives which have more power at 

this level since it is a closer scale for tourists or general public. In addition, it is more likely to find 

wooden models of the architectural element at this scale. 

 

 

2.2  GEOTECHNOLOGIES FOR DATA ACQUISITION 

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.  

 

 

Table 2: Set of geotechnologies to 3D data acquisition in CH environments according to the 

dimensions of the element or site under study. 

 

Some of the geotechnologies classified as passive or active systems in Table 2 can be classified as hybrid 

systems like Mapping LiDAR Systems (MLS) which integrate navigation (GNSS/INS), range (laser scanners) 

and imagery (cameras) sensors, but they are kept in the active-passive dichotomy for the ease of 

understanding. Below, Table 3 specifies the suitability of each of the laser scanning techniques regarding 

their applicability to Cultural Heritage studies and within the framework established by the CHT2 research 

project. Note that short-range or triangulation-based laser scanners have not been taken into account since 

they are commonly used to document small objects, at the artefact scale, with a higher level of detail. As 

has been mentioned in section 1.4, this CH study scale is outside the scope of this project. 
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Table 3: Laser scanning techniques used in cultural heritage management activities (adapted from Barber 

et al., 20069). 

 

Apart from the scale of work, there are certain parameters that will influence the data acquisition planning 

and data processing and, therefore, will provide the best suitability towards using a specific technology. 

Table 4 contains the most important parameters. The network design (distances, number of station points 

and acquisitions, angles, etc.) will depend on these parameters. 

 

 

Table 4: Scoring of the parameters that influence acquisition, processing and integration tasks 

depending on the CH scale of study. 

 

A qualitative classification has been applied for the three different levels of scale. In this way, each CH scale 

is scored ranked from 1 to 3 meaning “low”, “medium” and “high” respectively, depending on the level 

required for each of the variables (Table 4). 

 Table 4 highlights that, in general terms, architectural studies are more restrictive in terms of the evaluated 

features since the documentation in such environment is more complex. This implies intensive processing 

and modelling steps given the high spatial resolution of data captured by the applied acquisition technologies 

and due to the level of detail required. For that reason, it adds 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 is an intermediate case between rural landscape and 

architectural cases. For urban landscape scale studies, a greater amount of data can be collected due to its 

definition. Therefore a greater variability of suitable sensors to be used is shown in Table 2. 

The raw acquired data has to be transformed into more usable products through multiple processing steps. 

Following section aims to describe the workflow methodology from a novelty multi-scale point of view. This 

approach will require the definition of some specific parameters and conditions as well as the design and 

development of a well structure and complete database beyond the scope of CHT2. 

 

                                                     
9 Barber, D. M., Dallas, R. W., & Mills, J. P. (2006). Laser scanning for architectural conservation. Journal of Architectural Conservation, 
12(1), 35-52. 
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2.3  PROCESSING TASKS FOR 4D DATA FUSION 

Once the data acquisition of the CH current state has been performed with the most suitable 

technology/technologies for each particular case, and once CH archive material has been collected from the 

different data sources (Figure 4), this set of documentation must undergo several format transformations 

before making the data available to end-users in an integrated model for 4D analysis. These transformations 

go through three main phases: a pre-processing, a processing and a final fusion stage. This section aims 

to: (i) describe each of these processing steps and (ii) provide a set of free/open source tools available on 

the market for those processes in order to help final users understand how the data is modified and decide 

whether the data is appropriate for a given application or final purpose. 

Pre-processing 

During this step the set of historical and current data collected must be corrected from distortions, bias, etc. 

to be subsequently digitalized or modelled in three dimensions whenever possible. These transformations 

(Figure 8) depend on the data format. For instance, in the case of non-graphical analogue data, it must be 

digitalized to be incorporated as layers in the final database.  

 

 

Figure 8: Pre-processing steps according on the type of data collected. 

 

● Pre-processing of analogue format data: Digitization  

o Metadata generation 

o Optical character recognition (OCR) 

o Inventory and cataloguing in database 

● Pre-processing of 2D digital data: Corrections and transformations 

o Calibrations: Geometric and radiometric 

o Image enhancement 

o Projective rectifications 

● Pre-processing of 3D range data 

o Calibrations 
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o Optimization: data sampling, noise reduction 

o Segmentation 

 

Processing 

Afterwards, 2D corrected data is ready to be converted into 3D data whenever possible or just added as 

layers to the database. During this phase, 3D pre-processed models undergo several transformations until 

3D processed models are generated, as Figure 9 shows.  

 

 

Figure 9: Processing steps depending on the type of data. 

 

● From 2D pre-processed graphical data to 2D results: Images and semantic layers 

o Re-photographing (custom solutions, handmade) 

o Dimensional analysis (sv3DVision, VeCADphotogrammetry, TriDMetrix, …) 

o Image classification (GRASS GIS, …) 

● From 2D pre-processed data to 3D results: Point cloud model 

o 3D reconstruction from a single image (sv3dvision) 

o 3D reconstruction from stereo images (visualSFM, insight3d, bundler, python 

photogrammetry toolbox,...) 

o 3D reconstruction from multiple images (visualSFM, graphos, apero-micmac, 

insight3d, bundler, python photogrammetry toolbox,...) 

o Optimization (CloudCompare, meshlab) 

o Global scaling 

● From 3D pre-processed models to 3D final models: Organized model - Free: cloudcompare, 

meshlab… -  

o 3D data alignment (CloudCompare, Meshlab) 

o Mesh generation 

o Simplification and optimization of the mesh: Hole filling, data smoothing, data 

decimation 

o Georeferencing in a same coordinate system (CloudCompare, Meshlab) 

o Texturing and rendering (optional) (free: Blender 3D;) 

o Surface modelling (Sketchup, Blender3D, BRL-CAD,) 



 

              CHT2 Project              
 

Cultural Heritage Through Time  

WP2: Methodology definition/4D visualization 

 

18 
 

 

Three-dimensional data acquired by range sensors is processed following a well-known workflow. The 

obtained unstructured point clouds are imported into specific software (usually the same of the equipment 

manufacturer), designed to process and manage the acquired data structure. The multiple individual scans 

are filtered, cleaned, edited, and aligned in a common reference system. The alignment process can be 

carried out manually, using the ICP (Iterative Closest Point) method, or automatically, using automatic object 

recognition (targets). The 3D point clouds obtained have typically a sub-centimetre (TLS) resolution and can 

included the colour information (RGB) and/or intensity levels. The final 3D point clouds can be georeferenced 

by means of known coordinates, in a global reference system. The final unstructured point clouds are 

meshed, building a first raw polygonal model, which is corrected in its topological errors, cleaned again and 

filled in its small holes to form a continuous surface. This processing step is particularly delicate since 

meshing generally produces different kinds of topological errors (non-manifold edges, loose edges, 

overlapping faces, self-intersections, etc.). This step is also time consuming, since it requires manual 

interventions aimed at both selecting the most appropriate tool to use in every situation and at reducing the 

possibilities of losing detail in areas affected by errors. The filling of holes requires the rebuilding of those 

areas affected by errors and occlusions. Regarding the colour information (RGB), the provided images by 

integrated cameras on the laser scanner systems do not offer a high quality and resolution as required for 

CH purposes. For that, once the polygonal mesh is edited and, in order to obtain a photo-realistic 3D 

representations, high resolution images can be used to texture the polygonal 3D models. According to the 

complexity of the objects and the final purposes, the laser scanner 3D models can be textured using different 

approaches: (i) virtual textures can be used to reproduce the different materials and (ii) flat and panoramic 

images can be used to map the realistic colour onto the surface. 

Fusion 

This is the last step where the set of processed data from the different sources is finally integrated in a 

single model. At this stage, three different data formats have to be merged according to the nature of the 

data involved in each case: semantic layers, 2D results and 3D models (Figure 10). Depending on the CH 

working scale will dominate a particular data format and therefore will be an optimal system for their 

integration. 

 

Figure 10: Integration of the different data formats. 

 

Below, some of the prerequisites needed to perform a successful hybridization of data are listed: 

 

● Semantic layers combination 

● Uniform data resolutions (mainly the spatial one, but also the others) 

● Global reference system 
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Once data meets the above requirements, it is possible to carry out their integration. However, it is 

noteworthy that depending on the CH working scale, one of the three data formats will prevail over the 

others. For example, in a rural landscape scale of study, it is probable that semantic layers as well as 2D 

results have the main weight in the fusion process. By contrast, for an architectural level of study 3D models 

are the basis of the data to be integrated. Finally, for the intermediate urban landscape level, the dominance 

of a specific format data will depend on each particular case study. Please, note that in this methodology 

step is where the fusion of data is performed for all case studies including, for example, those cases of CH 

assets that are nowadays completely or partially disappeared (such as the case study of Milan, a roman 

circus, which is completely covered by the city). 

In order to integrate this heterogeneous information, Geographic Information Systems (GIS) and Building 

Information Models (BIM) are the two final systems where data will be integrated into depending on the CH 

working scale (see clarification in subsequent section). 

GIS and BIM models 

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 techniques that are used to 

solve related problems depending on the CH scale it is working at. 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 (Figure 11), are the most suitable 

solutions to integrate all the processed data. Meanwhile, for urban landscape scale there are fewer 

consensus to decide which of the two spatial 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. 

 

 

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

 

As Table 5 shows, BIM is more commonly used to navigate within a building and its hierarchy structure for 

planning, design, construction, and management of buildings; however, its capabilities are being extended 

to challenging and complex civil engineering projects. 3D modelling is just one aspect of BIM that has hogged 

the limelight, but its real strength and power lies in the knowledge database, which can be used in 
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conjunction with other software to deliver quick and reliable information in areas of sustainability, estimating, 

structural analysis, and reconstruction (Sah and Cory, 200810). 

 

 
Figure 11: Systems for CH data integration depending on the working scale. 

 

For its part, the power of GIS systems lies in ability to provide spatial data designed to work with 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 of working with the data high-level 

geospatial view of the site is required as along with a relational database. The ideal would be to have the 

advantages of both systems, so that, a final toolset would allow an easy data translation that optimizes the 

capabilities of the separate programs and processes. In this regard, Irizarry et al. (201311) integrated BIM 

and GIS into a unique system, which enables keeping track 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 & Van 

Berlo, 201112). 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.  

With the final aim of performing analysis through time, this data have to be integrated with different 

temporal frames and published on a web platform to enable visualization (Section 3) and browsing by the 

different end users.  

 

                                                     
10 Sah, V., & Cory, C. (2008). Building information modeling: An academic perspective. In Proceedings of the 2008 IAJC-IJME International 
Conference). Nashville, Tennessee. 
 
11 Irizarry, J., Karan, E. P., & Jalaei, F. (2013). Integrating BIM and GIS to improve the visual monitoring of construction supply chain 
management. Automation in Construction, 31, 241-254. 
12 de Laat, R., & Van Berlo, L. (2011). Integration of BIM and GIS: The development of the CityGML GeoBIM extension. In Advances in 

3D geo-information sciences (pp. 211-225). Springer Berlin Heidelberg. 
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Figure 12: Global time allocation for the different stage of the methodology proposed for each of the 

three input data formats (own source). 

 

To conclude this section, Figure 12 summarizes the four main stages of the methodology proposed regarding 

the different input formats and representing the time spent by each one. The sub-stages has not been 

analysed in order to give a general idea about the total and partial time consuming as well as the different 

data sources has not been represented. It has been generalized for the three working scales covered by this 

research project in order to provide a comprehensive assistance serving as a support for all situations and 

case studies for the analysis of cultural heritage through time.  

2.4  CULTURAL HERITAGE 4D ANALYSIS 

Many conclusions can be drawn after assessing the CH final models. These conclusions can be applied to 

solve common problems raised in many disciplines and areas of knowledge helping in the decision-making 

and being of great interest to a wide range of final user profiles. 

Figure 13 summarizes some of the different applications that may result after analysing the final CH models. 

These uses have been classified as analysis, management & preservation and finally, study & promotion 

through time. 
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Figure 13: Most common uses derived from the 4D analysis of the final CH models. 

 

Analysis 

Among the numerous analyses that can be derived of the cultural heritage assets, it should be noted those 

that have produced geometric changes in the CH element over time and either by artificial (result of human 

activities) or natural factors. In addition, and for each specific CH scale there are different analyses that can 

be carried out among which the visualization of the different construction and restoration phases of a 

monument (in the case of the architectural scale) can be highlighted. 

Management & preservation 

In addition, it is possible to use these final multi-data models to perform several simulations e.g. future 

remodelling processes, simulations to show the effects that an earthquake would have on the CH asset or 

dimension analysis with the aim of preserving its legacy among others. Furthermore, this data would serve 

as a useful tool in the decision making process for its routine maintenance or future management. 

Study & promotion 

This is the last block considered regarding the CH applications derived from the visualization of 4D final 

models. In this case, devoted to making know and promote this rich legacy for present and future 

generations, these final models can be used for various purposes among which stands out virtual visits of 

either through virtual or augmented reality as well as the possibility of establishing CH distance learning. 

3. VISUALIZATION TOOLS 

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 archive the digital information for different purposes, such as studies, analyses 

(queries), preservation, simulations and divulgation.  

3.1  VIRTUAL TECHNOLOGIES AND DEVICES 

Virtual technologies and devices are relatively new, however they are attracting large levels of investment, 

which by itself will bring Virtual Reality (VR) to consumers worldwide. They are becoming increasingly 

popular thanks to its potential for natural and intuitive user interaction. Among existing systems for CH 
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virtual applications, it should be noted VR is very useful to represent Cultural Heritage through time. VR is 

a computer-simulated life or immersive multimedia 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 periods are 

recreated, giving the possibility to explore then again (Loizides et al., 201413). 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. 

  

The booming of these technologies brought not only researchers but also private companies interest, who 

design VR devices that can serve to further the success of VR experiences and lower their costs in the future. 

VR methodologies allows the users navigate in an easy and friendly way through of the vast number of 

devices. On one side, VR headset displays enable us to recreate the natural movement of a user’s head 

through a system tracking in real time such as, among others, Oculus Rift VR (www.oculus.com), the Sony 

VR headset, Samsung Gear VR (www.samsung.com) or Google Cardboard 

(www.google.com/get/cardboard/). On the other side, several kinds of devices are able to capture the 

actions of the user allowing interact with digital objects and virtual worlds: (i) deep sensor such as Kinect 

(www.microsoft.com), Tango (get.google.com/tango/), Leap Motion (www.leapmotion.com) or Structure 

(www.structure.io), (ii) gloves equipped with sensors such as Control VR (www.controlvr.com), or (iii) 

bracelets (www.thalmic.com). 

  

Game engine software such as Unity (commercial) or Blender VR and Demotride viewer (both free) allows 

the integration and management of external devices with the aim to integrate the user’s body movements 

during the visual simulation. VR devices can be also integrated among them to interact and navigate in a 

complex 4D (3D + time) scene as well as to have 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. 

3.2  DATA OPTIMIZATION 

Despite recent technological breakthroughs, it is still possible to find some limitations 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 have generally very large size. 

Adding to this the management of the digitalized historical and current datasets it is not an easy task, given 

the system can become really heavy. For that, due to the huge size and complexity of the 4D scenes, the 

datasets are completed by an optimization approach for the correct 4D VR visualization and management in 

real-time: 

● Optimization of digitalized analogue format data and 2D digital data 

o Metadata optimization 

o Digitalization: simplify resolution 

o  Database optimization 

● 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 

 

                                                     
13 Loizides, F., El Kater, A., Terlikas, C., Lanitis, A., & Michael, D. (2014). Presenting Cypriot Cultural Heritage in Virtual Reality: A User 

Evaluation. In Digital Heritage. Progress in Cultural Heritage: Documentation, Preservation, and Protection (pp. 572-579). Springer 
International Publishing. 
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The vast need to optimize data is mainly due to the employment of polygonal 3D models. They are often 

composed by 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 and, 

normal and displacement maps will 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. 

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 a temporal VR visualizations 

to highlight changes. In this way, VR technologies and devices allow the users navigate and visualized the 

entire CH site, through time, which comprehensively reveals the detailed developmental dynamics 

(restorations, construction phases, demolitions, influence of natural phenomena, etc.) of the elements under 

study. Simulate and visualize the sequence of construction operations involved as a coherent and unified 

process. Representing the relationship between time and space provides a powerful mechanism to visualize 

and communicate design intent. VR applications can be useful not only to study and analyse our past but 

also to foresee possible risks in the future. 

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 optimal solution to visualize and manage these kind of data. 

3.3  USER INTERACTION 

Using and integrating digital datasets (2D and 3D) to represent, reconstruct and simulate the Cultural 

Heritage Through Time (4D) offers: (i) a non-destructive way for archaeologists, art historians, and other 

scholars to examine CH sites, monuments and objects; (ii) user’s interaction with objects and information in 

real-time; and (iii) the possibility to build complex virtual worlds with digitally reconstructed artefacts within 

their contextual background, to recreate either a real area or a non-existent environments based on a 

conceptual hypothesis, where the user can navigate in an interactive way. 

Nevertheless, in spite of these advantages, virtual visualization have some limitations regarding the user 

interaction: (i) it is obvious that a virtual scene cannot substitute the experience of visiting the real space; 

but above all (ii) virtual interfaces can be difficult to manipulate: if they are not designed correctly, users 

can have difficulties interacting or orienting themselves, which can lead to lack of engagement. 

Due to the increasing number of user profiles, the final CH visualization interface must include advanced 

tools, based on user role and purpose of the consultation. In order to achieve that information needs to be 

structured in layers which can be visible or not depending on user’s needs. Among these end user profiles 

it can be mentioned: researchers, scientists, engineers, architects, planners, archaeologists, conservators, 

environmental specialists, security forces, tourists and students among others. 

4. SUMMARY 

This work package provides a comprehensive methodology to conduct studies of cultural heritage assets 

over time for three working scales and different environments: rural landscape, urban landscape and 

architectural. It serves as a first 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 whether monitoring CH assets that still exist or that do not exist anymore but whose time 
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evolution left an important sing on the present state of a city, site or landscape. Furthermore, an estimation 

of the time spent in each method phase is given as a model. Meanwhile, due to the greater scope of the 

topic addressed, this document is open to be complemented especially in those method stages of greater 

ambiguity and variability for the requirements of each specific case study and data to be collected. Therefore, 

the CHT2 methodology described here is open to be enhanced with other specific approaches and algorithms 

depending on each particular case study. 


