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1. Preface 

This document presents the results of the Study on Quality in 3D Digitisation of Tangible 
Cultural Heritage ï VIGIE 2020/654. This work was based on the combined efforts of the 
in-house study team in Digital Heritage Research Lab at Cyprus University of Technology 
and a group of sub-contracted collaborators, together with individual external experts. The 
results include research inputs from the following institutions and organisations: 

CUT Cyprus University of Technology (main contractor), Cyprus 

AUTH Aristotle University of Thessaloniki, Greece 

ARC3D ArchTron 3D - Vermessungstechnic & Softwareentwicklung, Germany 

BC Bene Construere d.o.o (Ltd), Croatia 

HES Historic Environment Scotland, UK 

ICOMOS International Committee on Monuments and Sites, France 

NTUA National Technical University of Athens, Greece 

POLIMI Politecnico di Milano, Italy  

TMO Time Machine Organisation, Austria 

Z+F Zoller + Fröhlich GmbH, Germany 

1.1. Project Tasks 

The study was organised according to the following tasks: 

Task 1 Addressed the definition and exemplification of different degrees of complexity 
of tangible CH from the perspective of 3D digitisation processes for movable and 
immovable CH.  

Task 2 Addressed identifying and analysing the parameters that determine quality in 3D 
digitisation of tangible CH for movable and immovable CH.  

Task 3 Identified and analysed existing formats, standards, benchmarks, 
methodologies, and guidelines relevant to the 3D digitisation of tangible CH. 

Task 4 Identified and analysed past or ongoing 3D digitisation projects or existing 3D 
objects that could serve as benchmarks for 3D digitisation of tangible CH. 

Task 5 Linked and mapped the elements identified under Tasks 2-4 to the different 
potential purposes of tangible CH digitised in 3D. 

Further tasks covered project management of the study (Task 6) and the dissemination of 
its work (Task 7). A mid-term workshop took place to provide expert validation of the interim 
findings and a final event was organised to present the results of the study. 
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2. The Process of Digitising Movable and Immovable 
Tangible Cultural Heritage 

2.1. The state of play  

Over the last 20 years, the European Union (EU) has invested more than ú1 billion in 
supporting cultural heritage (CH) institutions and stakeholders (museums, sites, 
monuments, archives and libraries) to digitise their assets, archive, protect, preserve and 
make them available for use and re-use in research, innovation and education. The 
instruments used for this purpose comprised Limited liability company (d.o.o.) the Research 
Framework Programmes (FP) including FP61 (2002-2006), FP71 (2007-2013) and H20202 
(2014-2020), eContent3 and ContentPlus, the European regional development fund4 
(ERDF), European social fund5 (ESF) and other programmes. 

This investment has driven a unique period for research, innovation, education and 
intersectorial development across the European CH area, in which organisations of all 
scales have developed models and methodologies for digitisation. In the global education 
sector6, more than 97% of the BA, BSc, MSc and MA courses in digital humanities, digital 
social sciences and cultural informatics have been developed during the last 20 years, a 
large number of them offered by tetriary education institutions in the EU. Europeana, 
Europeôs digital library for CH has become a successful reality, promoting the creation of a 
strong network of EU national and thematic aggregators and bringing together a 
multidisciplinary professional and technical CH community to increase innovation, 
collaboration and the creation of new digital multimedia content. 

Alongside this public investment in digitisation, the past fifteen years have seen the 
emergence of medium to large-scale programmes of 2D and 3D Digitisation led by 
commercial enterprises, such as Google, or NGOs, such as CyArk and Global Heritage, as 
well as initiatives, such by Smithsonian institute, the Zamani project in Africa and many 
others. ICT, in dramatically easing the creation and distribution of content, has generated 
exponential growth in the production of digital information and data. The digital universe is 
doubling in size every two years and will grow tenfold in the next years. 

Progress in 3D digitisation has significantly improved the accessibility of the unique 
European CH for research, innovation, education and enjoyment. In fact, digitised 3D CH 
tangible objects can be used in a number of ways: 

¶ High quality 3D scans and records support archaelogists and engineers in conservation, 
protection and conditional /structural assessment; 

¶ Data of medium quality for 3D printing are extensively used in creative industry such as 
the games industry, XR applications and education; 

¶ Low and/or high resolution 3D structures are delivered through online platforms, 
repositories and infrastructures (such as Sketchfab, Smithsonian3D, 3DHOP, Potree, 
ScanTheWorld, ATON, ARC/K, Clara.io, Stanford-3D, Morphosource, Exhibit, Mozila, 
Sayduck, Global-Digital-Heritage, Virtual-Interiors, CFIR.science, KOMPAKKT, GB3D, 
DarkLab, CyARK, NASA3D, PURE3D, etc.) to facilitate the work of scholars, 
archaeologists, museologists, historians, architects, engineers, multidisciplinary 
researchers/experts and students; 

 

1 EU FWP6 and FWP7 
2 EU H2020 FWP 
3 eContent and eContentPlus (accessed 2. May, 2021) 
4 European regional development fund (accessed 2. May 2021) 
5 European social fund (accessed 2. May 2021) 
6 Higher Education in digital heritage (accesses 30. July 2021) 

https://sketchfab.com/
https://3d.si.edu/
https://www.3dhop.net/
https://potree.github.io/
https://artsandculture.google.com/story/scan-the-world-scan-the-world/egWRnanxkLB0zg?hl=en
http://osiris.itabc.cnr.it/aton/
https://arck-project.org/
http://www.clara.io/
http://graphics.stanford.edu/data/3Dscanrep/
https://www.morphosource.org/
https://exhibit.so/
https://hubs.mozilla.com/
https://sayduck.com/
https://globaldigitalheritage.org/
https://www.virtualinteriorsproject.nl/
https://cfir.science/#/
https://kompakkt.de/home
http://www.3d-fossils.ac.uk/
https://www.darklab.lu.se/digital-collections/dynamic-collections/
https://cyark.org/
https://nasa3d.arc.nasa.gov/
https://pure3d.eu/
https://cordis.europa.eu/about/archives
https://ec.europa.eu/programmes/horizon2020/en/home
https://op.europa.eu/en/publication-detail/-/publication/da72aa10-bebe-47c8-8ab7-2e55ef36c3b6/language-en/format-PDF/source-search
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=LEGISSUM:l24226g
https://ec.europa.eu/regional_policy/en/funding/erdf/
https://ec.europa.eu/esf/home.jsp
http://dch-courses.eu/masters.php
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¶ More generaly, 3D data may serve as illustrated records in national Collections 
Management Systems (such as the EU aggregators), potentially for harvesting by 
Europeana and/or for use by the creative sector in digital marketing and promotion. 

 
At the same time, unresolved issues remain, concerning aspects that may refer to the digital 
twin, short and long-term preservation, use/re-use, sustainability, return on investment and 
long-term cost. Such aspects relate to broader questions on the topics of accuracy, 
complexity and quality. 

At the time of writing, (July 2021) where no generally accepted framework for specifying the 
level of detail and accuracy in digital data acquisition of tangible CH [54-121]. 
Documentation projects are typically determined on a case-by-case basis, using the many 
available methods, and often require significant multi- and interdisciplinary cooperation [73-
121]. It is also important to consider what needs to be scanned, which is related to the 3D 
features associated with the objectôs shape and brings into consideration its internal and 
external geometry, material, colour and texture, as well as its location [54-85]. Therefore, 
these features influence the methodology and infrastructure to be used for high quality 2D 
and 3D capture. In addition to the cost of hardware and associated software, there is also 
a considerable investment in professional staff and in time dedicated to specialised training 
[69, 80, 81, 96].  

The digital representation of CH tangible objects, structures, and environments is essential 
for analysis, conservation, interpretation and long-term preservation. Selecting the optimum 
technology and workflow for the 3D digitisation of tangible movable and immovable CH 
objects is a complicated procedure and one that requires careful consideration: 

If the aim is to achieve high-quality results during the 2D and 3D recording process 
of CH tangible assets, what are the ñstandardsò needed? How much are they going to 
cost how long will they take, and will they meet multidisciplinary needs? Are the experise 
and technology available and reliable? Which formats should be used to record the results, 
enabling long-term preservation is provided? What kinds of knowledge can be embedded 
in 3D records and how can models be shared interoperably? Can the quality be objectively 
defined [1-53]?  

Museums, sites and monument owners are increasingly investigating the possibility of 
outputs in more complex formats, such as high-resolution 3D which can be integrated into 
special effects workflows for the creative industry (such as in films, games, virtual 
exhibitions, digital cultural tourism and education, etc.) and for rapid prototyping by 
manufacturers. 

Consequently, the recording of movable and immovable CH generally requires the selection 
of optimal digitisation technology (hardware and software), which usually concerns 
requirements for the desired technical specifications, size, complexity, material, texture, 
location, accessibility and accuracy. A first distinction can be made according to the area 
covered by the site or the size of the object to be scanned. This could range from a very 
large territory to any kind of archaeological site to a building or group of buildings to large 
artefacts in museums or available in publicly accessible areas and to small museum 
artefacts. For large surface areas, such as monument sites or architectural mapping, a 
combination of regular topographic surveys, laser scanning and photogrammetric 
techniques is often used. Several alternative vision techniques for digitising small objects 
include Structure from Motion7 (SfM) and Image Matching (IM), silhouettes, structured light, 
motion shading, texture, and focus/defocus. Overall, careful examination is required to 
define the best available digitisation options, requiring consideration of aspects such as 

 

7 SFM (accessed Jun. 16, 2021). 

https://pro.europeana.eu/post/introducing-the-europeana-common-culture-3d-pilot
https://ec.europa.eu/commission/commissioners/2019-2024/breton/announcements/how-digital-will-help-us-preserve-our-cultural-heritage_en
https://ec.europa.eu/commission/commissioners/2019-2024/breton/announcements/how-digital-will-help-us-preserve-our-cultural-heritage_en
https://unesdoc.unesco.org/ark:/48223/pf0000244280
https://www.researchgate.net/publication/258614668_Structure-from-Motion_photogrammetry_a_novel_low-cost_tool_for_geomorphological_applications


Study on quality in 3D digitisation of tangible cultural heritage:  

mapping parameters, formats, standards, benchmarks, methodologies, and guidelines

 

6 

available human resources and expertise, object size, geometric, radiometric and 
photometric complexity, construction material, texture, IPR and accessibility. 

Therefore, this first section of the study summarises the current state of knowledge and 
practice about technologies, systems and approaches for the digitisation of tangible CH. It 
provides a baseline for the further findings of our work. 

2.2.  Terminology ï Accuracy and Precision 

To explain the digitisation process, especially when dealing with documentation systems 
and the associated dimensional data, it is necessary to distinguish between data accuracy, 
precision and resolution and to determine acceptable margins of error. The more accurate 
the model is, the more analysis of the heritage artefact/scenario is needed. In terms of 
geometric measurements and visual assessment, at the time of writing this report this can 
be done virtually, but has an impact on the the costs of 3D acquisition and processing time. 

It was noted during this study that important tems, such as accuracy and precision, are not 
always used consistenly among academic, business / commercial and policy-making 
stakeholders [26, 69]. Understanding these terms is particularly important when assessing 
the results from an active recording system, such as laser scanning. For example, precision 
and accuracy are two ways in which surveyors think about dimensional error. Although the 
two terms are frequently used interchangeably to indicate the same thing, they have 
different definitions - which is a critical consideration in a survey-based project. Accuracy 
refers to how close a measurement is to the ótrueô or correct value, whereas precision is 
how close the repeated measurements are to each other. Precision is independent of 
accuracy. In an ideal world, the more measurements taken, the better the precision, and 
therefore the smaller the error [25-26]. 

Measurements can be both accurate and precise, accurate but not precise, precise but not 
accurate, or neither of the two. A survey instrument can be accurate (recording a value that 
is near to the actual value for a measured point) but imprecise (recording different values 
each time a measurement is taken), or precise (returning similar values each time a 
measurement is conducted) but inaccurate (because the recorded values returned are not 
close to the actual value). 

Dimensional survey techniques are required to deliver data that can be verifiably repeated 
[6-12]. A survey instrument should, in theory, be calibrated, accurate and exact, providing 
results and measures that are close to the actual value of the measurement and can be 
repeated with comparable results if the conditions do not change in a significant way. 
Achieving high precision does not always imply great accuracy because different forms of 
bias may have been introduced.  

In a traditional survey, further refinements to these concepts are also to be made. For 
example, óabsolute accuracyô refers to the accuracy of measurement concerning a particular 
coordinate system, and órelative accuracyô refers to how well measured points are placed 
close to one another. A reliable survey instrument is consistent; a valid one is accurate [12, 
25, 26, 80, 81]. 

2.3. Planning the Process of Digitisation  

The 3D digitisation of movable and immovable CH is an inherently complex multi-stage 
process. Not only are there unique documentation challenges for the various movable 
objects or immovable structures within each organisational category, but the capabilities of 
the recording hardware, associated processing software, production methods and 
visualisation systems are continously evolving [6,12, 25, 26, 49, 80, 81].  

Project planning should attempt to address the development of a documentation dataset 
with accuracy and coherence, while keeping in mind project constraints, including, but not 
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limited to, available equipment, budget, and timescale. Before commissioning or 
undertaking any survey work, it is imperative to understand the expected results, intended 
outcomes and applications. This informs the surveyôs specification, methodology, and the 
quality of deliverables to be generated. A first attempt at detailing the various project 
planning considerations is shown in Figure 1 (for immovable CH) and Figure 2 (movable 
CH) below. 

 
Figure 1: Project planning and production stages for immovable digitisation projects as identified at 

the preliminary approach at the launch of the study. 
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Figure 2: Project planning and production stages for movable digitisation projects as identified at the 

preliminary approach at the launch of the study. 

2.4. Documentation Methods 

Suitable 3D documentation methods [80, 81] should be determined once the stakeholder 
and project requirements are defined - in particular the level of detail that needs to be 
captured. While it is always desirable to capture the best possible detail and resolution, this 
is a matter of the technologies to be used, the duration of the documentation, the data size, 
and cost. For each object, the parties involved need to agree on the required level of detail 
to be achieved. For example, with a sculpture, it might be interesting to look at chisel traces, 
while when documenting the smooth walls of a building, this level of detail might not be of 
such relevance [81]. Data size increases with the level of detail. Larger numbers of close-
up photographic images of a wall will provide more meaningful information. More data is 
generated than with a single image, requiring more processing and data storage capacities.  

It is, therefore, necessary to establish a level of detail at the outset of any documentation 
project. The level may be consistent for the entire project or relative to specific features of 
the project. The selection of technology or technologies, duration of the documentation, 
data size, data processing, and cost will impact the projectôs level of detail, resolution, and 
accuracy. With time and budget allowing, it may be desirable to capture the highest possible 
detail, resolution, and precision influencing these selections.  

Several measurement methods may be applied to 2D/3D geometric recording. They range 
from conventional simple topometric methods for partially- or un-controlled surveys, to 
elaborate ones that use contemporary surveying and photogrammetric techniques for 
completely-controlled surveys. Simple topometric methods are applied only when the small 
dimensions and simplicity of the monument may allow for it, when an uncontrolled survey 
is adequate, or when a minor sale completion of the fully controlled methods is required. 3D 
coordinates of large-scale outdoor scenes can be calculated indirectly using Global 
Navigation Satellite Systems8 (GNSS). Such measurements are accurate to the order of a 

 

8 What is GNSS? (accessed Jun. 14, 2021). 
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few centimetres or even better, usually providing a solid network of Ground Control Points 
(GCPs) [80, 81].  

Surveying and photogrammetric methods are based on direct measurements of lengths and 
angles, either on the monument or on images. They determine three-dimensional point 
coordinates in a standard reference system and ensure uniform and specified accuracy 
(25,26,78,79), also providing adaptability, flexibility, speed, security, and efficiency. Overall, 
they have undisputed financial merits, in the sense that they are the only methods that 
reliably meet any requirements with the least possible total cost and the most significant 
total profit. To this measurement group belong laser scanners such as laser imaging, 
detection, and ranging, both aerial9 (LiDAR) and terrestrial10 (TLS). They are able to 
collect 3D points (a point cloud) in a minimal time frame [25, 26]. 

However, It should be stressed that since, to date, there is no generally accepted framework 
for specifying the level of detail and the accuracy requirements for the various kinds of 
geometric recording of monuments, every single monument is geometrically documented 
based on the accuracy and cost specifications supplied or agreed to by the owner or 
stakeholder [1-114]. 

At the time of writing this report (July 2021), there are many available methods for this 
purpose, none of which can be considered obsolete. All can contribute something to the 
final product [25, 26]. This means that disciplines involved in a tangible CH 3D data 
acquisition project need to cooperate closely, exchange ideas, and formulate common 
geometric documentation requirements as part of gaining a deep understanding of the 
movable and/or immovable asset under consideration. 

Boehler & Heinz [71] first attempted to illustrate the implementation range of the different 
methods available, as shown in Figure 3. Today their diagram should be adapted to include 
newly developed methodologies. In it, the implementation range of each technique in the 
3D recording is illustrated in terms of both the number of points per object (y-axis) and object 
size (x-axis). More traditional methods include hand and tactile measurements, which are 
helpful for capturing essential details or small objects especially in museums. Geodetic and 
tachymetric measurements - the ones obtained by using an electronic total station - 
although accurate, can only record a limited number of points at long range.  

 

9 LiDAR (accessed Jun. 14, 2021). 
10 Terrestrial Laser Scanning (accessed Jun. 14, 2021). 

https://doi.org/10.1038/s41565-021-00895-3
https://www.mdpi.com/journal/remotesensing/special_issues/terrestrial-laser-scanning
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Figure 3: Survey techniques defined by object complexity (points captured) and size. © Adapted from 

Boehler & Heinz (1999) [71]. © UNESCO Chair on Digital Cultural Heritage at CUT. 

For the 3D geometric documentation of movable and immovable assets, the range of object 
sizes could start from a few mm and go up to a couple of thousand metres, while the number 
of acquired points and images should practically have no limit. Documentation methods 
may be grouped in several ways. Firstly, according to those involving light recording (orange 
areas in Figure 3) and those that do not (yellow areas). 

However, the available data acquisition technologies can be classified depending on their 
principle. Photogrammetry11, terrestrial or aerial, is an image-based methodology for 
massive point acquisition at a considerable range. Laser scanning, terrestrial or airborne, 
allows for enormous point acquisition. 

In any case a form of radiating energy is always used for gathering geometrical and visual 
information, therefore a first distinction can be made between penetrating and non-
penetrating radiation systems. 

The penetrating category systems are based on similar X-Ray12 devices used and well 
known in medical applications, mechanical (aeronautical) engineering, airport security and 
detailed investigations by police and customs services (Figure 4). They allow the capture of 
inaccessible internal structures and surfaces of small objects (see also 2.5). 

 

11 Photogrammetry (accessed Jul. 28, 2021). 
12 X-Ray (accessed Jun. 11, 2021). 

https://doi.org/10.1007/978-3-030-63416-2_139
https://doi.org/10.1038/s41578-018-0037-4
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Figure 4: X-Ray analysis in the area of Cultural Heritage 

InfraRed13 thermography for non-destructive testing and evaluation aims at the detection of 
sub-surface features (i.e. sub-surface defects, anomalies, etc.), owing to temperature 
differences observed on the investigated surface during the digitisation by an infrared 
camera. In temperatures of practical interest, all bodies emit electromagnetic radiation that 
can be readily used for quantitative measurements. Infrared thermography or thermal 
imaging is a measurement technique based on the detection of radiation in the infrared 
spectrum (usually in the 2ï5.6 ɛm and 8ï14 ɛm regions). These two spectral bands are 
commonly used, because of their low atmosphere absorption. The principal problem as far 
as infrared measurements are concerned is the emissivity of the material(s). An infrared 
camera detects and records the radiation emitted by a material under investigation and 
renders this energy to a temperature ï thermal image. In this process, the main 
characteristic that describes the relation between the emitted radiation and the materialôs 
temperature, is termed as emissivity. Emissivity is actually a surface property that 
characterises the ability of the investigated material to emit energy [65]. 

For non-penetrating 3D digitisation, the electromagnetic energy that is essentially used 
covers the visible and the InfraRed13 spectrum. The latter may actually allow for a little 
penetration under the illuminated surface depending on the actual wavelength used, 
ranging from fractions of a millimetre for Near InfraRed, to several millimetres for the Far 
InfraRed, used in so-called TeraHertz imaging14. That is also one of the main limitations of 
the technique. 

On the other hand, an advantage of thermography over destructive testing techniques is 
that large areas can be scanned fast and without being destroyed during testing (Figure 5: 
Overview of Infrared technologies for different investigations and Data Acquisition This 
results in major savings in time, people, work and machinery. In addition, infrared 
thermography has advantages over the other non-destructive techniques. The infrared 

 

13 Infrared (accessed Jun. 10, 2021). 
14 Terahertz non-destructive evaluation (accessed Jun. 10, 2021). 

https://www.researchgate.net/publication/228645992_Digital_preservation_documentation_and_analysis_of_paintings_monuments_and_large_cultural_heritage_with_infrared_technology_digital_cameras_and_range
https://aip.scitation.org/doi/10.1063/1.5041485
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thermographic device is risk-free, as it does not emit any radiation and only records the 
infrared radiation emitted from the material that is under assessment. Moreover, infrared 
thermography is an area-investigating technique, whereas most of the other non-destructive 
methods are either point- or line-testing methods. Furthermore, thermographic testing may 
be performed during the hours of both day and night [65]. 

 

Figure 5: Overview of Infrared technologies for different investigations and Data Acquisition  
in Cultural Heritage. © Adapted from chsopensource.org 

 

Finally, environmental conditions (e.g. cloud cover, solar radiation, wind speed) also play 
an important role in outdoor infrared thermographic surveys utilising passive recording 
approaches, when working on monuments, sites and artefacts exhibited in open areas.  

Within non-penetrating devices a further distinction should be made between active and 
passive 3D data acquisition methods. 

2.5.  Active and Passive Recording Categories 

In general, there are two types of recording methods, active and passive ones. Active 
recording methods use directed radiant energy to mark a point in space, whereas passive 
methods record the reflected radiation from a surface. Active sensors are typically terrestrial 
laser scanners (TLS), structured light scanning (SLS) systems and range cameras. Passive 
or image-based documentation systems include (cameras) aerial photogrammetry 
(satellites, aircraft, and UAVs), terrestrial photogrammetry, and close-range 
photogrammetry. These systems capture the surface geometry of an object as well as the 
surface texture [67, 107].  

A multi-view 3D reconstruction is another process for generating a 3D point cloud (and 
model) from several overlapping images, using robust automated algorithms. The resulting 
3D models are appropriate for metric information extraction for visualisation purposes, for 
the creative industry and augmented or virtual reality applications. Passive methods include 
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studio image acquisition, uncontrolled environment image acquisition and video frames 
extraction [25, 26, 80, 81]. 

2.5.1. Active Recording Systems  

Active recording methods use their radiation to record points in space instead of sensing 
the reflected radiation from another source. These sensors are commonly called range 
sensors because they can measure the depth, or range of object points. Since they rely on 
their radiation source, they are independent of scene illumination and can theoretically work 
in totally dark environments. The most used active sensors in the 3D recording of CH are 
as follows.  

Total Station 

The Total Station Theodolite15 (TST) is a beneficial geodetic survey instrument with near-
limitless measuring abilities. Recent advances in Total Station technology such as robotics 
and GPS integration have increased the efficiency and accuracy of field surveys. A Total 
Station allows the surveyor to choose individual points to measure, with each shot being 
made with relatively high precision in angular and distance measurements. Although 
accurate, this can be tedious and time-consuming if recording numerous individual shots of 
more complex surface features. 

Global Navigation Satellite Systems (GNSS) 

3D coordinates of large-scale outdoor scenes can be calculated indirectly using Global 
Navigation Satellite Systems (GNSS). Such measurements are accurate to the order of a 
few centimetres or even better, usually providing a solid network of Ground Control Points16 
(GCPs). The performance of GNSS is assessed using four criteria: (1) Accuracy: the 
difference between a receiverôs measured and real position, speed or time; (2) Integrity: a 
systemôs capacity to provide a threshold of confidence and, in the event of an anomaly in 
the positioning data, an alarm; (3) Continuity: a systemôs ability to function without 
interruption; (4) Availability: the percentage of time a signal fulfils the above accuracy, 
integrity and continuity criteria. 

Terrestrial Laser Scanning (TLS) 

Laser scanners17 are active range sensors able to produce dense point clouds for an object, 
recording information for the position (geometrical coordinates: X, Y, Z) of every point along 
with the intensity of the reflected radiation. TLS is a ground-based version of the airborne 
LIDAR frequently used for large archaeological sites, terrain and landscape mapping. 
Terrestrial laser scanners are a relatively recent development for high-resolution mapping, 
originally developed for as-built modeling of architectural and engineering structures. They 
can also be used for high-resolution mapping of terrain, vegetation, and other landscape 
features over limited distances in the range of 50ï300 m. Like their airborne counterparts, 
they are active sensors that emit laser signals to calculate distances based on the time 
delay of the returned laser pulses [112]. TLS systems range from airborne laser scanning 
for terrain surface modelling to mid-range terrestrial scanners for data acquisition of 
facades, entire buildings, ensembles or sites, and to close-range 3D scanners for high-
resolution digitisation of movable objects such as archaeological finds, artefacts, and 
sculptures. ALS (Airborne Laser Scanning) or LiDAR (Light Detection and Ranging), 
mounted on aircraft or Unmanned Aerial Vehicles18 (UAVs), have become compact and 
relatively lightweight [80, 81]. 

 

15 Total station (accessed Jun. 10, 2021). 
16 Ground Control Points (accessed Jun. 10, 2021). 
17 Laser scanning (accessed Jun. 11, 2021). 
18 Unmanned Aerial Vehicle - UAV (accessed Jun. 11, 2021). 

doi:10.1002/9781119188230.saseas0205
https://www.usgs.gov/landsat-missions/ground-control-points
https://www.ijastnet.com/journals/Vol_9_No_4_December_2019/9.pdf
https://link.springer.com/chapter/10.1007/978-3-030-10979-0_14
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Laser scanners are commonly used in the field of CH digital documentation, as they enable 
measuring natural or manufactured objects of different sizes, varying from parts of the 
landscape, buildings and architectural elements down to smaller pieces up to a few 
decimetres in size. The advantages of using this technology for 3D recording are the very 
large number of points acquired in each scan in a short time, their high accuracy and 
density. A large variety of TLS systems are commercially available: time-of-flight, phase-
shift, or triangulation scanners. These devices differ in their measurement principle, 
maximum measuring range, speed (number of points acquired per second), the field of 
view, resolution, accuracy, weight and cost, among other characteristics [2, 26, 80, 81]. 

3D laser technology is used for movable and immovable objects, including sensors with 
time-of-flight, phase difference or triangulation using laser points, fringe, or other projection 
patterns. Depending on the specific type of LiDAR hardware, laser scanners can record 
small objects or large terrain areas. High-resolution hand scanning systems can record sub-
mm detail on the surface of an object, whereas terrestrial laser scanners are typically used 
for the documentation of buildings. Unfortunately, at the time of writing this report, there is 
no single TLS system capable of covering all sizes. 

The Historic England guide to laser scanning for archaeological and architectural 
applications [12, 67] highlights how the process related to the use of TLS technology can 
be difficult due to occlusions and obstacles in scanning the object(s), which may limit 
available data if incorrectly addressed. Laser scanners cannot see through solid objects 
and this can cause problems in sites with excessive amounts of mobile objects blocking the 
planned capture areas or in locations with elevations or with health and safety 
considerations, such as evidence of asbestos or sulfur, unsafe buildings, adverse 
environmental conditions and vegetation that prevent optimal display of the analysed 
building or site. 

The evaluation of the accuracy and precision of measuring equipment is critical in order to 
achieve results that meet the specifications of a given project. Standard calibration models 
and field procedures exist for all traditional surveying instruments, but are still lacking for 
recently developed technologies like terrestrial laser scanners. The main reason is limited 
knowledge of errors that affect these systems, owing to the proprietary design of the 
scanners and their software, and the integration of many potential sources of error. 

Mobile Laser Scanners (MLS) 

Mobile Laser Scanners are also commercially available. Such systems include those 
equipped with GNSS and Inertial Measurement Unit19 (IMU) sensors and ï often - optical 
cameras and can be mounted on moving vehicles (cars, floating or airborne platforms etc.) 
or may even be carried by a person to perform range measurements in continuous or static 
(stop-and-go) mode. Mobile laser scanning collects geospatial data from a mobile vehicle 
fitted with LiDAR, cameras and other remote sensors. This mobility can be provided by cars, 
trains, trucks, manned and unmanned aerial vehicles and boats. It is used in emergency 
response situations to quickly assess the conditions on the ground, as well as for popular 
mapping projects such as Google Maps20 and Street View.21 Manufacturers now also offer 
scanners that can be submerged; these underwater scanners use laser beams of 
advantageous wavelength for propagation in water, giving better results than sonar systems 
used previously in underwater applications. At the moment of writing this report, their range 
is short and accuracy relatively low, but MLS is an evolving and promising technology. 

 

19 Inertial measurement unit (accessed Jun. 11, 2021). 
20 Google Maps (accessed Jun. 11, 2021). 
21 Google Street View (accessed Jun. 11, 2021). 

https://www.researchgate.net/publication/283697495_Integration_of_Ground_Penetrating_Radar_with_Global_Position_System_and_Inertial_Measurement_Unit_for_archaeological_applications
https://www.google.com/maps/about/#!/
https://ieeexplore.ieee.org/document/5481932
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Structured Light Scanning (SLS) Systems 

Structured light scanning22 (SLS) systems project coded light patterns on the object surface, 
recording the scene from one or more points of view and thus compute the depth based on 
the deformation of the pattern on the objectôs surface using the triangulation principle. 
Coded patterns facilitate easy correspondence establishment between image points and 
points on the pattern (pattern decoding), resulting in dense 3D point clouds of the scene. A 
typical SLS system usually comprises low-cost off-the-shelf hardware, permitting ad-hoc, 
easy to deploy, and custom-made solutions. One or two digital SLR cameras or machine 
vision cameras mounted on a rigid base and supporting tripods and an LCD or DLP 
projector are needed. The whole system is operated through current technology computer 
software, which undertakes the system calibration, fully controls the data acquisition and 
signal/data processing and the local or remote storage of data. The distance between the 
scanner and the CH object, i.e., the base, may vary according to the size, location and 
condition of the object of interest [54-84]. 

SLS systems are usually compact, lightweight and easy to implement. They provide high 
accuracy and dense resolution results, making them a robust alternative to laser scanners 
or even outperforming them. Among the advantages of the method is its capability to acquire 
depth information for the entire field of view and not just one point per time, enabling fast 
and efficient acquisition, as well as faster scan times. The method also produces dense and 
accurate data, applies all the safety regulations in higher detail levels and is safe for people 
to use, even to the naked eye. 

Optical 3D Triangulation Scanners 

Optical triangulation scanners23 usually consist of a projector and a camera, project a known 
pattern onto the object, and measure the surface via triangulation methods and the 
deviation of the pattern from the original. These systems are mostly used in the car and 
aero industries and can provide sub-millimetre detail but give only a limited field of view and 
short distances. They are also usually susceptible to the lighting conditions of the 
environment. 

Hybrid Systems 

Hybrid systems are optical triangulation scanners and usually consist of a projector and a 
camera. The system projects a known pattern onto the object and digitises the surface via 
triangulation methods and the original patternôs deviation. Hybrid systems can likewise 
provide sub-millimetre detail but give only a limited field of view and at short distances and 
are usually susceptible to environmental lighting conditions in a lab.  

Depth or Range Cameras  

The term is broad enough to include a variety of sensors with different working principles. 
Depth or range cameras are sensing systems (also known as RGB-D cameras) capable of 
retrieving the depth information of an object almost in real-time. They capture 
simultaneously the colour and depth values of every pixel of the scene resulting in dense 
point clouds. The depth value either comes directly from the sensor (ToF cameras) or is 
calculated from stereo algorithms (passive or active stereo). Time-of-flight cameras acquire 
3D information by using near-infrared (NIR) light cast on the object and measuring the time 
delay between the emission and detection of the light. Passive stereo vision setups are 
based on the triangulation principle, having a fixed base distance between the two cameras.  

Depth cameras are more applicable in indoor scenes for objects at relatively close distances 
due to their limitations. Several applications on CH objects can be found [25, 26, 80, 81], 

 

22 What are the advantages of using a structured-light 3D scanner? (accessed Jun. 11, 2021).  
23 3D scanning (accessed Jun. 11, 2021). 

https://bit.ly/3kwlVPR
https://historicengland.org.uk/images-books/publications/3d-laser-scanning-heritage/heag155-3d-laser-scanning/
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but problems such as accuracy constraints have restricted their usage to mainly 
visualisation purposes rather than metric reconstructions.  

During mapping applications, Simultaneous Localisation and Mapping (SLAM) algorithms24 
are commonly in use for frame registration, i.e., camera pose estimation and sparse 3D 
reconstruction. SLAM algorithms calculate the movement of the sensor with a simultaneous 
reconstruction of the 3D points. The main idea is to use the environmental features 
(landmarks) to calculate the position of the system in real-time using EKF (Extended 
Kalman Filtering25). A typical SLAM pipeline consists of the following steps: landmark 
extraction, data association, state estimation, state and landmark update. 

2.5.2. Passive Recording Systems 

Passive or image-based documentation methods record the light or radiation which 
originates from an independent source (e.g., the sun or artificial lighting) and is reflected 
from the object of interest. Image-based techniques process optical images to extract metric 
information for the object. Especially for CH applications, image data acquisition is usually 
preferred to other methods because it is efficient, non-intrusive, easily deployable both 
indoors and outdoors and low-cost. 

A big challenge is the development of new smart algorithms in photogrammetric techniques 
that automate the traditional manual procedures enabling at the same time the usage of 
any type of camera, thus achieving cost reduction. Computer vision26 has emerged as the 
research field that addresses these problems towards automating the work chain and cost 
minimisation [80, 81]. 

Compact consumer cameras and free or open-source software can be used to achieve 
results comparable to traditional techniques or even to outperform them in precision, time 
consumption and cost. Aerial photogrammetry (using satellites, aircraft, and UAVs as 
platforms) and close range (terrestrial) photogrammetry are commonly applied to document 
CH objects since these methods sufficiently capture the geometry along with the texture of 
an object. The image-based techniques can be divided into single, stereo, or multiple views, 
according to the number of images they use to retrieve the metric information for the 3D 
space. 

A multi-view 3D reconstruction generates a 3D point cloud (and model) from several 
overlapping images using robust automated algorithms. At the time of writing this report this 
is a rich research area of increased interest in computer vision and photogrammetry and a 
widely used technique due to its time- and cost-effectiveness and the accuracy of its results. 
The existing Structure from Motion, Multi-View Stereo or dense stereo matching algorithms 
are robust enough to reconstruct any set of overlapping images in 3D space, if they depict 
the object scene from various viewing angles, even with unordered sets of random photos 
taken by different sensors (such as the ones found in Internet repositories27). The pre-
condition is that the images are overlapping (for high quality results an overlapping factor 
over 85% is required). The resulting 3D models may be used for metric information 
extraction, architecture, preservation, visualisation purposes and many other applications, 
such as augmented or virtual reality. Furthermore, accurate 2D products such as 
orthoimages and vector plans can be generated.  

Suitable 3D documentation methods [80, 81] should be determined once the stakeholder 
and project requirements are defined - in particular the level of detail that needs to be 
captured. While it is always desirable to capture the best possible detail and resolution, this 

 

24 Simultaneous Localisation and Mapping (SLAM) algorithms (accessed June 12, 2021) 
25 Extended Kalman Filtering (accessed Jun. 12, 2021). 
26 Computer vision and 3D reconstruction (accessed Jun. 11, 2021). 
27 Four Dimensional Cultural Heritage World (accessed Jun. 11, 2021). 

https://www.mathworks.com/discovery/slam.html
https://towardsdatascience.com/extended-kalman-filter-43e52b16757d
https://link.springer.com/book/10.1007/978-3-030-37191-3
https://doi.org/10.1007/978-3-662-44630-0
https://doi.org/10.5194/isprsannals-II-5-W1-169-2013
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is a matter of the technologies to be used, the duration of the documentation, the data size, 
and cost. For each object, the parties involved need to agree on the required level of detail 
to be achieved. For example, with a sculpture, it might be interesting to look at chisel traces, 
while when documenting the smooth walls of a building, this level of detail might not be of 
such relevance [81]. Therefore. data size increases with the level of detail. Larger numbers 
of close-up photographic images of a wall will provide more meaningful information. Still 
more data is generated than with a single image, requiring more processing and data 
storage capacities. 

It is, therefore, necessary to establish a level of detail at the outset of any documentation 
project. The level may be consistent for the entire project or relative to specific features of 
the project. The selection of technology or technologies, duration of the documentation, 
data size, data processing, and cost will impact the projectôs level of detail, resolution, and 
accuracy. With time and budget allowing, it may be desirable to capture the highest possible 
detail, resolution, and precision, influencing these selections. Each SfM technology has 
individual strengths and weaknesses. It is essential to be aware of the technical background 
to decide on the most suitable technology for a project. 

Aerial Photogrammetry  

Aerial photogrammetry28 includes imagery systems situated within satellites, aircraft, and 
UAVs. At the time of wroiting this report, it constitutes a vivid research area in computer 
vision and photogrammetry and is a widely used technique due to its time and cost-
effectiveness along with its accurate results. The image-based methods can be divided into 
single, stereo, or multiple views according to the number of images they use to retrieve the 
metric information for the 3D space. A multi-view 3D reconstruction generates a 3D point 
cloud (and model) from several overlapping images, using robust automated algorithms 
[100, 101]. 

Photogrammetry  

Photogrammetry can be used also for the digitisation of small CH objects, achieving sub-
millimetre accuracy and resolution. A wide variety of digital cameras are available for use, 
equipped with sensors of various functionality and ever-improving resolution capability. The 
hardware may require custom adaptation for CH objects ï involving other imaging principles 
like panoramic cameras, fisheye systems, catadioptric imaging systems and rotating 
cameras [80, 81, 96, 99, 100, 101]. 

2.6. Multi-Sensory and Multi-Spectral Scanning Technologies  

The digitisation of CH tangible objects (especially small objects in museums, paintings in 
art galleries or frescoes and mosaics in monuments and sites) for conservation and analysis 
consists of a wide palette of methods and techniques offering complementary information. 
The use of spectroscopic digitisation is important for the determination of material 
properties, while ultrasonic microscopy is used to obtain structural information of an art 
object. Combining these methods with imaging produces an information-rich map, where 
every pixel contains various spectra, image and stratigraphy information. 

The techniques to study materials used in CH artefacts and frescoes are significant in 
understanding and preserving these CH assets. Curators, restorers and conservators 
routinely use those approaches and exploit information on materials to gain insights about 
the way an artwork has been made, when it was made, the techniques used, the 
environmental conditions of preservation, previous conservation interventions and to gather 
indications for planning future interventions. Materials in CH are studied from many different 
viewpoints, ranging from the acquisition of basic information, such as surface average 

 

28 Aerial survey (accessed Jun. 11, 2021).  

https://doi.org/10.5194/isprsannals-II-5-227-2014
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colour and roughness, to the analysis of their molecular and elemental components. State-
of-the-art study and conservation practices (see also H2020 MSCA CHANGE Project), thus 
combine a wide variety of measurement probes and analytical techniques. Moreover, to 
study dynamic processes, such as the effects of aging, weathering, and restoration 
treatments, laboratory studies are often done on appropriately prepared samples and mock-
ups. 

Among the various surface and material characterisations, the study of surface appearance, 
in terms of reflectance and geometric meso- and micro-structure is of particular importance 
since most cultural information is conveyed through optical signals from the viewed artwork 
to the human vision system. Characterising surface structure and appearance is thus 
paramount for a variety of CH applications, from the assessment of the visual effects of 
restoration treatments, to the high-fidelity virtual and physical replication of cultural objects 
through graphics and fabrication. 

Multi-light reflectance acquisition and processing techniques, such as Polynomial Texture 
Maps (PTM), Reflectance Transformation Imaging (RTI) and Photometric Stereo (PS) aim 
to visually characterise objects by observing them from a fixed point of view under different 
lighting conditions - an important issue in the impact of complexity in data acquisition. At the 
time of writing this report, they are emerging as a de-facto standard in appearance and 
geometry acquisition due to their cost-effectiveness and flexibility. Their range of application 
goes from qualitative estimation of image formation models, for applications such as visual 
enhancement or relighting, to the quantitative recovery of shape and material properties. 
While RTI and related techniques are mostly applied in the visible spectrum, increased 
effectiveness is being achieved in combining them with analysing visible and invisible 
optical properties of artworks, e.g., through multispectral imaging (MSI) - which is routinely 
employed to study material composition (mixture of pigments) and under-drawings.  

While 3D surface analysis aids understanding of surface material deterioration over time, 
the status of internal 3D structures ensures stability of the statue, building, or other CH 
tangible object over time. 

Table 1 below summarises the advantages and disadvantages of various recording 
technologies. 

  

https://change-itn.eu/
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Table 1: Advantages and disadvantages of various recording technologies. 

TECHNOLOGIES ADVANTAGES DISADVANTAGES 

Tactile-Architectural 
survey 

Low-level instrumentation and 
processing 

Low experience 

Low accuracy 

Quick 

Requires an accurate reference frame 
(topography ï photogrammetry) 

Mainly suitable only for objects of limited 
extent (e.g., interior spaces, excavation 
holes) and of low complexity 

Requires a long time for fieldwork 

Point-wise mapping, no texture mapping 

Topographic 
surveys 

High accuracy 

Homogeneous overall accuracy 

Scientific indicators for quality 
assurance 

Suitable for plans cross-sections 

Mainly good only for objects of low 
complexity, otherwise not cost/time 
effective 

Requires more time fieldwork than 
photogrammetry 

Point-wise mapping, no texture mapping 

Photogrammetry 

High accuracy 

Homogeneous overall accuracy 

Scientific indicators for quality 
assurance 

3D and texture mapping 

Requires less time for fieldwork 

Use in close-range, terrestrial, low-
altitude/UAV, aerial, or stereo-satellite 
mode 

Requires an accurate reference frame  

LA large amount of data to handle 

Laser Scanning 

High accuracy 

3D and texture mapping Suitable for 
complex continuous surfaces  

Good for surface analysis and 
visualisation 

Edges cannot be extracted 

Line drawings cannot be derived  

Massive amount of data to handle  

Requires an accurate reference frame 

Satellite Remote 
Sensing 

Cost-effective for large areas 

3D and texture mapping 

Low to Medium resolutions and related 
accuracies 

Extensive experience and infrastructure  

Require an accurate reference frame 

 

2.7. Indoor and Uncontrolled Acquisition 

Studio Image Acquisition 

Indoor acquisition, usually for objects or artefacts in museums or collections, such as 
paintings, pottery or sculptures - typically small (up to a few centimeters) or medium size 
(up to a couple of metres) - requires ñmmò accuracy. Indoor image acquisition presents 
several difficulties because of special stakeholder permissions, illumination conditions and 
the properties of the artefacts themselves (size, complexity, surface, colour, reflectance, 
material etc.). For in-studio acquisition campaigns, special equipment, tripods and distant 
triggers are commonly adopted to achieve optimal results [94-97]. 

Video Frames Extraction  

This includes cases in which images are extracted from video sequences (max. 30 
images/sec) as single frames. Video data sets can be practical in some cases due to the 
enormous amount of data produced and the extensive overlap between the frames, despite 
their lower quality compared to regular images. 
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2.8. Outdoor Acquisition 

Accessibility 

Physical access may be limited by the environment, requirement for special skills of the 
survey operators, special equipment, need for permits or certifications, or physical barriers 
(for example in underwater or cave missions). Operating hours can be limited to a specific 
daytime period because of the potential necessary illumination and temperature. Changing 
lighting conditions may also influence the appearance of the output and the data quality. 
Operational time might also be limited by the local authorities (which must be considered 
during project planning). Other factors affect data quality during the survey and should be 
taken into account, for example the material firmness of the recording platform and the 
survey tripodôs placement and stability.  

Uncontrolled Environment Image Acquisition refers to typical outdoor scenes or any other 
environment where the conditions (shadows, illumination, weather etc.) are not under 
complete control. Large scale objects such as buildings, structures, excavations, or 
archaeological sites still with high accuracy demands (mm-cm) are classified in this 
category. Image acquisition may be handheld or use various terrestrial and aerial platforms 
such as different types of vehicles, stands/tripoids and UAVs 

Object/site Recording 

Depending on the geometric dimensions and complexity of an object, building interior or 
exterior, the position of the recording device is likely to require several locations or setups, 
noting that the more articulated the surface, the greater the need for more documentation 
position points. The acquired data from each scanner device position point is then aligned 
to register the data. Registration is possible if a significant amount of the point cloud data 
shares coincidental features. The more these features are spread across the point cloud, 
the greater the accuracy during the registration process. Redundant recording of the same 
points from several setup positions directly influences the overall project accuracy. The 
sceneôs sensitivity to alteration by a survey event (e.g., footprints) may affect the planning 
and movements on site. Modifications to the location may cause problems with registration 
when combining datasets from different survey times.  

Distance 

Although optics may be an issue in digital photogrammetry, the cameraôs resolution is 
determined by the number of pixels on the sensor, expressed as ñmegapixelsò, indicating 
how many millions of pixels29 are recorded in a single image. Depending on the recording 
system and format, the operator should consider the distance from the sensorôs surface. 
Objects closer to the camera will be recorded at a higher level of detail, whereas objects at 
a distance have fewer pixels and a lower resolution. 

With TLS, the laser beam has a three-dimensional physical extension, and the spot of a 
laser beam has a specific diameter that increases with distance.  

The recording deviceôs positioning requires special awareness of the relation between the 
sensorôs distance to the object and the sensed objectôs height. When choosing vantage 
points, the operator must consider the angle of incidence between the recording sensor and 
the object surface. Steeper slopes will cause a decrease in data quality, especially 
regarding static spherical instruments. 

The physical surface dimensions and objectôs location in relation to the sensors may limit 
compatibility with some technologies due to technical specifications (e.g., minimum and 

 

29 Pixel (accessed Jul. 14, 2021). 

https://doi.org/10.1201/9781003050339
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maximum range). Different recording technologies may need to be employed, meaning that 
integrating other data types into one digital model is required. 

Circumstances/Environment 

Location, access permits and physical barriers may restrict physical access to a site, and 
production may be limited to a specific length of daytime due to necessary weather 
conditions. Changing lighting conditions can also influence the output and data quality, 
mainly if imagery integration exists. Local authorities might also limit operational time. All 
these factors require consideration when planning a documentation project. Wind may 
affect the stability of the sensor setups and erroneous measurements. Light conditions 
should be constant and of low contrast. 

The environmental temperature needs to match the one specified in the operating 
quidelines of survey instruments and ideally be constant throughout the survey duration. 
Reduced visibility, such as rain, snow, and fog, may induce artefacts and cause 
discontinuities in the data. The operator should avoid dynamic surroundings such as 
visitors, vehicle traffic and animals during the documentation process. Alien objects such 
as scaffolding, safety nets, trees, and signage may cause a discontinuity in the data. Almost 
always the term óconditions of operationsô denotes external influences on the 2D/3D 
measuring system. These include for example: temperature and its gradient, humidity, 
vibrations (mechanical), electromagnetic interference and/or environmmetal lighting 
conditions.  

2.9. State of Condition and Remedy Options 

Geometrical Simplicity 

Modular geometries may induce ambiguities30, which can increase the complexity of 
computation algorithms during the registration process. 

Surface Reflectivity 

Reflectivity has a direct influence on the ónoiseô present in the data. A low reflectance means 
reduction of the sensing signalôs total absorption, causing increased noise levels and even 
discontinuities in the capturing data. Shiny or highly reflective surfaces can cause an 
oversaturation of the sensing signal, which leads to decreased accuracy or even wrong 
measurement. The reflectivity also depends on the wavelength used in the sensing system 
and is also limited by the incidence angle (mirror effect). Polished finishings generally 
emphasise the mirroring impact for acute angles to the sensor signal, an important factor to 
consider when using a laser data acquisition system. 

In recent years, cross-polarised photography has emerged within the wider 3D capture 
community as a recognised way of removing óspecularô reflections from surfaces of 
photographed objects. In principle, this takes care of the negative impact that reflective 
surfaces have on data processing by eliminating any shine.  

Light Transmittance 

Translucent material properties induce uncertainties and range measuring errors for optical 
sensors. Especially glass or mirrors will cause measurement errors, as the sensing signal 
is refracted or reflected. The adapted technology must be non-destructive for the surveyed 
object (e.g., avoiding degradation by illuminating). In general, transmittance of the surface 
of a material is its effectiveness in transmitting radiant energy. It is the fraction of incident 
electromagnetic power that is transmitted through a sample - in contrast to the transmission 

 

30 A Survey of Geometric Analysis in Cultural Heritage 
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coefficient, which is the ratio of the transmitted to incident electric field. Internal 
transmittance refers to energy loss by absorption, whereas (total) transmittance is that due 
to absorption, scattering and reflection. 

Surface Characteristics 

Most materials have significant limitations for being digitised, depending on their condition. 
In addittion, whether the object can be physically touched (for logistics) and actively used 
(e.g., mounting tie-points to the surface) may cause an impact on survey planning and data 
quality. The stability of the structure and physical firmness during the survey also affects 
data quality. Moreover, surface cleanliness, obstructions by flora (e.g., moss), fauna 
residuals (e.g., spider webs) or alien materials (e.g., moisture) may affect the data quality 
negatively. Often vegetation can also limit the visibility of the object and deliver non accurate 
measurements. 

2.10. Derived Project Data 

The data quality and project complexity topics are interlinked and not easy to separate, as 
discussed elsewhere in this study. If higher data quality is required, the complexity of the 
project increases. For example, higher resolution scans or photos must be acquired if more 
detail is needed. The following are parameters often used to measure or determine data 
quality. These parameters are applicable to geometry data and additional layers, such as 
RGB colour, infrared, or other coatings. 

Resolution 

Digitisation is a discrete method to obtain a digital approximation of the exterior and interior 
surfaces of a tangible CH asset. The higher the resolution is during acquisition, the better 
the original will be represented. When choosing the correct resolution, it should be twice as 
acceptable as the required smallest detail. 

Distance to the Object ï Image Scale 

The resolution varies with distance. If a resolution is set that samples the object taking points 
every 5 mm on 10 m distance, surfaces at 100 m will be tested with a resolution of 50 mm, 
while at 1 m, this will be 0.5 mm. 

Angle of Incidence  

The resolution of the data varies also with the angle of surface incidence. The flatter the 
rise, the more coarse the resolution of the data. It is preferable to have a straight view of 
the object. A direct, perpendicular view will help to guarantee the best detail. Most laser 
scanners have an ideal capture distance based on the physics of the optical system. This 
is important in the field of photogrammetry, as well as in 3D digitisation. 

Safety Regulations 

Various data acquisition equipments require regulated use, e.g., laser-based equipment, 
such as the terrestrial laser scanner, may involve limitations for the operator, the public, and 
others (e.g., use of barriers, protection lenses), which affect data contents. It is essential to 
understand safety regulations and Laser Class restrictions31. 

 

 

31 Laser Class restrictions (accessed Jun. 13, 2021). 

https://www.keyence.com/ss/products/marking/laser-marking-central/basics/safety.jsp
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3. Defining Complexity 

The complexity of CH objects and 3D data has been the subject of studies since ancient 
times and continues to be of research interest today. The challenge of defining complexity 
has been explored in several recent EU projects and actions, of which a few were the FP6 
Network of Excellence EPOCH32, the FP7 Integrated project 3D-Coform33, the EU COST 
Action C5 Urban Heritage ï Building Maintenance solutions34, and the FP6 Coordination 
and Support Action EU CHIC (European Cultural Heritage Identity Card)35. Additionally, 
significant understandings have been gained from the H2020 project INCEPTION (Inclusive 
Cultural Heritage in Europe through 3D semantic modelling)36, the H2020 project 
PARTHENOS37 the H2020 project Scan4Reco38, the FP7 project 3D-ICONS39, the FP7 
project CARARE40 and the FP7 Marie S. Curie Fellowship project ITN-DCH41. 

A general description of the term complexity is ñthe state or quality of being intricate or 
complicatedò, or ñthe state of having many parts and being difficult to understandò. 
Consequently, complexity characterises a systemôs behaviour or an object whose 
components or elements interact in multiple ways and sometimes follow local rules, 
meaning there is no reasonable higher instruction to define the various possible 
interactions. This has led further to the proposal [51] of two-forms of complexity: 
disorganised complexity and organised complexity; many researchers distinguish between 
them, depending on whether the multiple elements of the object follow specific patterns or 
not. Complexity is, however, an abstract term that has variable meanings in different 
contexts, for example, computational complexity42, Kolmogorov complexity43, complexity of 
adaptive systems and so on.  

The number of hits obtained by searching for ócomplexity in 3Dô using Googleôs search 
engine (taken as a proxy of overall diffusion of the concept) was 157,000,000, and in Google 
Scholar (taken as a proxy of academic interest) 2,480,000. According to Google Trends 
(Figure 6), there is an almost constant use of the term ócomplexityô. Therefore, it is not 
surprising that it quite often used by the multidisciplinary community in CH documentation 
literature and practice [54-84]. 

 
Figure 6: Screen capture from Google Trends for the term ócomplexity.ô 

If a problem is considered complex, it has many interwoven components that affect one 
another. Something that is regarded as ócomplicatedô, on the other hand, mainly suggests 

 

32 Excellence in Processing Open Cultural Heritage (accessed Jun. 12, 2021). 
33 Tools and Expertise for 3D Collection Formation (accessed Jun. 12, 2021). 
34 COST Action C5 Urban heritage ï Building maintenance (accessed Jun. 12, 2021). 
35 European Cultural Heritage Identity Card (accessed Jun. 12, 2021).  
36 Inclusive Cultural Heritage in Europe through 3D Semantic Modelling (accessed Jun. 12, 2021). 
37 PARTHENOS (accessed May. 9, 2021). 
38 Scan4Reco (accessed Jan. 13, 2021). 
39 3D-ICONS (accessed Jan. 13, 2021). 
40 Connecting ARchaeology and ARchitecture in Europeana CARARE (accessed Jan. 13, 2021). 
41 Initial Training Networks for Digital Cultural Heritage (accessed Jun. 12, 2021). 
42 Computational complexity (accessed Jun. 24, 2021). 
43 Kolmogorov complexity (accessed Jun. 24, 2021).  

http://www.epoch-net.org/
https://web.archive.org/web/20180514102115/https:/www.3d-coform.eu/
https://op.europa.eu/en/publication-detail/-/publication/065d60b4-4f75-496a-acc8-8634e2bf284f
https://cordis.europa.eu/project/id/226995
https://www.inception-project.eu/en
https://www.parthenos-project.eu/
https://cordis.europa.eu/project/id/665091
https://cordis.europa.eu/project/id/297194
https://cordis.europa.eu/project/id/250445
https://www.itn-dch.net/
https://doi.org/10.1201/9781315117218
https://bookstore.ams.org/surv-220
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that is difficult and time-consuming. However, from the Studyôs online questionnaire results 
as well as from interviews conducted, it was clear that the words ócomplexô and ócomplicatedô 
are frequently used in the CH domain of work without a clear distinction.  

Complexity is a quality inherent in CH artefacts, monuments and sites, and a critical 
consideration when planning a geometric documentation project. As an evaluation method 
to determine the scope of a project, how can the complexity of heritage objects, movable or 
immovable, be better defined and made easily understandable? 

Defining object complexity is essential because: 

¶ The level of difficulty - or how challenging the data acquisition is - will determine to a 
high degree the technology and equipment to be used for a documentation project and 
the expertise needed to deploy them.  

¶ Complexity is the missing connection between quality and the purpose of use. For 
example, at the time of writing this report, it would be inefficient, to use a UAV system 
to map a sizeable archaeological site or a large urban conservation area - an aerial or 
satellite system would be more practical. 

¶ Complexity imposes constraints on both the technology and the eventual intended use 
of the data. For example, in case of surface transparency, photogrammetry is 
ineffective, whereas a TLSôs beam can travel through the glass or translucent surfaces 
of an artefact. 

¶ Complexity during digitisation connects the stakeholderôs requirements, quality, 
accuracy, expertise available and completeness, where it enables expression of specific 
parameters like object size and random requirements. 

¶ Elaborate interiors call for a fusion of technologies, utilising the benefits of each one. 
Simultaneously, multiple resolutions and accuracy requirements are often dictated by 
various uses of the same 3D acquired material. 

A definition of complexity in 3D digitisation should apply to both movable and immovable 
objects, refer to geometric, surface/texture and material complexity and be 
scale/application-variant. Complexity does not reside in the geometry of a 3D model or the 
final number of points and vertices, but derives from the stakeholder requirements, its 
location and state of condition. Also highly relevant are the set-up of data acquisition, know-
how of the operators in place and the integration of multiple datasets from different devices 
into one archive that can be visualised in an easily accessible and searchable way to 
retrieve and communicate knowledge. A difficulty may occur in gaining a sufficient end-
user/stakeholder definition of complexity to establish equipment needs and acquisition 
methodology ï and in client comprehension of additional costs in complex processes and 
post-processing. 

A definition proposed [51, 100-105, 196] for tangible object complexity as a property is:  

¶ Containing multiple parts; 

¶ Possessing several connections between the parts; 

¶ Exhibiting dynamic interactions between the parts and the behaviour produced from 
those interactions cannot be explained as the partsô simple sum. 

A comprehensive understanding of object complexity is crucial, since it has a high impact 
on various aspects of 3D digitisation, although it may now be an overused term (see also 
3.2). The term suggests different technologies to be used and directly reflects on the 
required results or achievable quality, and/or whether a data acquistition project can be 
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implemented. It may limit the intended purpose of use and impacts the time and budget of 
a dimensional survey.44  

However, the use of the term has remained vague in the multidisciplinary community and 
lacks clear definition, a subjective methodology of calculating, and evident connections and 
mathematical relation to quality, purpose-of-use or other imposed restrictions.There is thus 
a gap in the collective understanding of óobject complexityô as a decision support tool. 

The purpose of a definition is to clarify a concept, ideally leading to a productive decision-
making workflow and opening the horizon for standardisation. However, object complexity 
as a value can be defined only after all the measurements of the object are known, meaning 
it is not useful for 3D digitisation planning and decision-making. Being neutral to the 
intended use, it is rendered impractical for choosing the best technology or setting up the 
technical specifications for 3D digitisation. 

For example, a model produced for a detailed 3D digitisation of 3m statues with a 
complicated marble surface,will be seen on a computer screen at a maximum of 3× zoom 
factor and a maximum scale of 1:50 of the original statue. This translates into a model with 
a dimension of 6 cm (= 3 m × 1:50 scale), which can be zoomed by a factor of 3 (thus, the 
final model should be seen in full detail corresponding to a virtual object of size 18 cm (= 6 
cm × 3). This should be examined seamlessly at an average viewing distance, which 
corresponds to a typical optical resolution of 0.2 mm or 200 ɛm ï dividing the maximum 
dimension of 18 cm by this resolution. We end up with 9,000 surface-defining triangles of a 
max size of 200 micrometres each as the model fidelity defined as fit-for-purpose.  

Returning to the original physical object, if the modelling process degrades the fidelity of the 
initial measurements by a relaxation factor of, for instance, ɚ = 2, the actual measurements 
are smoothened and generalised through the modelling phase to lose half of their original 
accuracy of representation. In this case, to make sure that the final model keeps its intended 
characteristics, we need to create initial measurements twice as accurate as the model 
specifications, i.e., requiring 18,000 triangles to describe the object surface. Dividing the 
object dimension (3 m) by the number of triangles (18,000), we end up with a resolution (or 
max size of the triangle side) of 1.67 cm for the 3D digitisation measurements.  

The conclusion is that no matter what the complexity of the original object is, details or 
measurement errors lower than 1.50 cm on the object surface will not be seen. This is the 
actual complexity that matters. According to this, the use of the optimum technology and 
the recording strategy can be planned.  

It follows that any definition of object complexity should have the following characteristics: 

¶ Estimated before the data acquisition phase; 

¶ Calculated objectively; 

¶ Refers to both 3D data capture and data processing/modelling; 

¶ Provides alerts and limits to recording and processing phases; 

¶ Connects to quality, technology, the purpose of use; 

¶ Provides the basis of a meaningful tool for planning both the data acquisition and the 
3D modelling processes; 

¶ Enables a clear understanding about the requirements, conditions and parameters in 
place during data acquisition.  

3.1. Uncertainty 

At the end of last century and at the beginning of the first digital revolution during the 
1980s/90s, along with industrial automation (GPS navigation, manufacturing, car-, aircraft 
production, shipping, etc), organisations  around the world, recognising the challenges and 

 

44 Object Complexity vs. Model Complexity (accessed Jun. 24, 2021).  
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lack of international consensus on the expression of uncertainty in measurement, started to 
work together with the world's highest authority in metrology, the Comité International des 
Poids et Mesures45 (CIPM) in order to address the missing definition. They requested the 
Bureau International des Poids et Mesures45 (BIPM) to brainstorm, discuss and address the 
problem in conjunction with the national standards authorities and to make the first 
recommendation, which was verified in 2008 and has since been modified several times. 

In many industrial as well as commercial applications (especially in the area of health and 
human safety, where digitisation/measurement belongs to the state of the art of diagnosis 
and finding), it is often necessary to provide an interval of error about the result. This may 
be expected to encompass a large fraction of the distribution of values that could reasonably 
be attributed to the quantity, subject to measurement. Thus, the ideal method for evaluating 
and expressing uncertainty in measurement should be capable of readily providing such an 
interval (+/-), in particular, one with a coverage probability or level of confidence that 
corresponds in a realistic way with what has been required by the stakeholder. 

According to the Joint Committee for Guides in Metrology (JCGM), the best method for 
evaluating and expressing the uncertainty of the result of a digitisation/measurement should 
be universal - the methodology should be appropriate to all kinds of measurements and to 
all types of parameters used. 

The actual quantity used to express uncertainty should be: 

¶ Internally consistent: it should be directly delivered from the components and 
parameters that contribute to it, as well as independent of how these components are 
grouped and of the decomposition of the components into subcomponents/parameters; 

¶ Transferable: it should be possible to use directly the uncertainty evaluated for one 
result as a component in evaluating the uncertainty of another measurement in which 
the first result is used or to calculate the final uncertainty of the digitisation. 

According to the Theory on Measurement for Engineers46, we define measurement as the 
assignment of a number to the measurand, using special technical means (measuring 
instruments) and a specified technical procedure. 

Our starting point will be a museum object which is characterised by one or more properties, 
each of a quantitative nature. Consider for example an artefact made by marble and a 
jewelery made of silver. A complete characterisation of any of these objects demands 
specific information. We will be interested in a single (one-dimensional) parameter or 
quantity. For example, we will be interested in: 

¶ the thickness of the artefact measured in a certain position; 

¶ a physical constant termed the specific weight, measured in grams per cubic centimetre 
of silver by the jewelery. 

Therefore, the quantity whose value we want to evaluate in each case is called the 
measurand (thickness and weight) and the measurement values for our two examples are 
accordingly 25.6 cm and 4.5 g/cm3. It is also important to take into account that a 
measurement has imperfections, which give rise to an error in the final measurement result. 
Traditionally, an error, which can never be eliminated in the area of digitisation, has two 
important components, namely, a random and a systematic component. The terms 
ñuncertaintyò and ñerrorò should not be confused with one another, or misused. They are not 
synonyms and they represent completely different concepts. For example an error of the 

 

45 Comité International des Poids et Mesures and Bureau International des Poids et Mesures (accessed June 
16, 2021) 

46 Theory on Measurement for Engineers (accessed Feb. 22, 2021) 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5286970/
https://www.bipm.org/en/home
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nature of an incorrectly calibrated instrument which has been used in the digitisation of an 
object, may have caused the uncertainty to be wrong!  

Our concern in this study is the expression of uncertainty in the measurement of a well-
defined physical quantity: the measurand, which can be characterised by an essentially 
unique value and is always included in the stakeholder requirements. If our approach 
(phenomenon of interest) can be expressed and represented only as a distribution of values 
or is dependent on one or more parameters, such as budget, time, human resources, object 
characteristics, etc, then the measurands required for its description are the set of quantities 
describing that distribution or that dependence. It is also applicable to evaluating and 
expressing the uncertainty associated with the conceptual design and theoretical analysis 
of test methods of measurement/digitisation (in chemical engineering, in cases of the 
estimation of material quantities in non-destructive technologies), and complex components 
of an object. 

3.2. The Public Survey on Quality  

The main objective of the studyôs questionnaire entitled óSurvey on quality in digitisation of 
tangible cultural heritageô was to support the work by collecting data from cross-disciplinary 
experts in the domain of digital acquisition data, about the use of acquisition technologies, 
metadata, paradata, and their opinions about the definitions of quality and complexity for 
3D. The survey was run online on CUTôs LimeSurvey platform in the period 21/10-
31/12/2020 (circa 10 weeks). It was advertised through the DHRLab social network profiles 
(Facebook, Twitter) and through its network of contacts. 

The questionnaire consisted of a combination of 40 questions, grouped in four sections: 

¶ sample description  

¶ general overview of techniques and technologies used 

¶ insights from projects  

¶ insights on quality and complexity.  

The survey required a minimum of 15 minutes to complete and was scalable in that 
respondents had the option to describe up to three digitisation projects, answering the same 
set of questions each time. Respondents were asked about professional background, years 
of experience, affiliation to relevant organisations and other background information. Data 
was collected about the most popular acquisition technologies, successful digitisation 
projects involving immovable and movable objects and specifics uses, limitations and 
problems associated with technology, metadata and paradata. Open-ended questions also 
enabled respondents to provide insights on the definitions of quality and complexity. These 
data have been used to enrich and validate that provided by the experts subcontracted by 
the study and to support the findings by showcasing best-practice 3D CH digitisation 
projects. 

In total, 944 responses were received from ὲ τςπ survey respondents (Figure 7).  

https://digitalheritagelab.eu/
https://www.facebook.com/EU.Mnemosyne/
https://twitter.com/UNESCO_DCH_ERA
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Figure 7: Countries of survey respondents (▪ ). 

  
Figure 8: Working sector (left) and professional experience (right) of respondents. 

The majority of survey participants worked in the higher education, museum and industry 
sectors (Figure 6). The most common professional backgrounds were engineering, 
architecture, conservation and archaeology. 85% of respondents had completed a related 
post graduate course (MSc, MA and/or PhD). 64% had at least 6 years of experience in CH 
data acquisition and conservation. 45% were actively involved in digitisation of monuments 
and sites, while 29% were engaged in data acquisition for movable objects in the museum 
sector. 51.9% were members of professional organisations dealing with CH conservation, 
protection and documentation (Figures 7 and 8).  
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Figure 9: Education (left) and years of experience (right) 

  
Figure 10: Digitisation expertise (left) and organisation membership (right)  

Figure 9 illustrates the willingness of the respondents to support the Study, while Figures 
10 and Figure 11 summarise their expertise in different disciplines related to CH data 
acquisition. 
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Figure 11: Respondentsô willingness to provide technical information (left) and project subject (right). 

 

Figure 12: Acquisition technologies used in projects relating to immovable objects 
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Figure 13: Acquisition technologies used in projects relating to movable objects 

Without descriptive information (metadata), digitised content and data are simply a 
meaningless collection of files, values and characters. 70% of respondents used one or 
more metadata schema to describing and document their content (Figure 12). 

  
Figure 14: Recording of metadata (left) and metadata schema used (right) in projects 

The term óparadataô refers to auxiliary information collected in a survey that describe the 
data acquisition process. Most respondents did not collect any data related to the process 
of 2D and 3D digital documentation in CH (Figure 13). 
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Figure 15: Record/use (left) and forms (right) of paradata for technologies. 

Most importantly from the perspective of this study, Figures 16 and 17 illustrate that most 
respondents were not aware of complexity being a measure of the interactions of various 
parameters used in 3D CH data acquisition or its role in indicating data quality, time and 
costs. 

 
Figure 16: Most important parameters for handling complexity of the digitisation process according to 

respondents. 
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Figure 17: Most important parameters for handling quality of the digitisation process according to 

respondents. 

3.2.1. Statements from Respondents about Complexity 

The following are selected comments in resonse to the question, ñThe definition of the term 
ócomplexityô is the state or quality of being intricate or complicated. What does complexity 
mean to you and your team during the planning and data acquisition stages of a recording 
project? If it is a consideration, how does it impact your work?ò 

Defining complexity 

Respondents defined complexity through both general and more detailed statements, and 

by referring to the process of digitisation and to the objects to be digitised. About the former, 

they focused both on the entire process of digitisation and on specific phases (acquisition, 

interpretation) and issues (environmental conditions and access to the site). On digitisation, 

respondents mentioned both the type of objects (immovable, movable) and specific facets 

(geometry, colouration, surface).  

To address complexity for immovable and movable objects, respondents highlighted the 

need to understand the object to be digitised, its geometry, its materials and specific 

features that can then inform the planning phase. For some of them, production procedures 

were crucial, for others, not an issue.  

In general, there was a consensus that complexity combines an object's characteristics with 

the scope of the digitisation. The challenge is to manage all the related activities that run 

together during the acquisition phase and reproduce aspects of an object, without losing 

any information.  

General statements 

¶ óThe complexity of an object is synonymous with accurate illustration and greater 
interest.ô 

¶ óComplexity lies in ensuring the quality and completeness of the initial raw data for future 
analysis.ô 

¶ óComplexity helps achieve a better understanding of phenomena requiring data-heavy 
and often multidisciplinary researchô. 
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¶ óComplexity is a puzzle to be solved. All pieces must fit together, for a project to be 
successful.ô 

¶ óComplexity is a difficulty encountered in accomplishing a task. Its impact on a job can 
affect the end goal, the result.ô 

Detailed statements 

¶ óComplexity and complicatedness are not the same things. If a problem is complex, it 
means that it has many interwoven components and affects one another, but not 
necessarily that it is difficult. Something complicated is difficult and time-consuming. 
They are only marginally related.ô 

¶ óComplexity is not a synonym of complicated. Complexity is a characteristic of 
everything that can be assimilated to a system, and it is the capability of describing an 
object with a holistic approach.ô 

The following subsections show a selection of some of respondentsô statements on various 
aspects of complexity. 

The whole process 

¶ óComplexity is the related activities that go simultaneously and in many cases are 
governed by actions and parameters outside the sphere of the individual project 
responsible but can influence and impact on the own work ï sometimes not predictable 
sometimes it might be anticipated.ô 

¶ óThe complexity of a project is in its planning and coordinating the team carrying out the 
various specialisations.ô 

¶ ó Complexity of a project can be defined by how many parts there are in a documentation 
project, and how many people are needed to process them.ô 

Acquisition 

¶ óThe complexity of a documentation project implies the problems to be solved in the 
acquisition of data.ô 

¶ óComplexity means having to take specific and situationally different steps to capture 
the data.ô 

¶ óWhen a variety of information is available, each necessitates different measures and 
applications for data acquisition. It might be due to the nature of the site or its 
significance or the scale.ô 

¶ Complexity for us is how difficult it will be to acquire the relevant data for 
photogrammetry. It is often taken care of and affects how and how many acquisition 
points we take.ô 

Interpretation 

¶ óComplexity is necessary, current documentation techniques can record this complexity; 
however, it is the output, the interpretation that counts that object complex.ô 

¶ óComplexity is the need to reproduce the significance and physical aspects of CH 
without reducing their overall meaning and values.ô 

¶ óComplexity does not reside in the geometry of a 3D model or by the number of 
geometric vertices. However, it integrates multiple datasets from three different 
specialisms into one archive that can be visualised in an easily accessible and 
searchable way to subsequently retrieve and communicate new knowledge.ô 

¶ óComplexity is to capture the "big picture" of the cultural object, which means the holistic 
approach to studying the object.ô 
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Environmental conditions and access to site 

¶ óComplexity relates mainly to getting access to the works to be digitised. After that, the 
rest is a technical nuisance.ô 

¶ óGenerally, complexity to us determines the number of positions / locations needed to 
ensure scanning provides a complete dataset. Access to these locations are also 
considered.ô 

¶ óComplexity involves the objects and the site themselves, how difficult it is to record 
depending on the terrain and the objects' reflective properties.ô 

¶ óThe complexity of the project varies from case to case. Sometimes it refers to the object, 
other times to the objectôs surroundings.ô 

Immovable objects 

¶ óComplexity may refer to different aspects of the data acquisition, restitution and 
analysis, mainly when dealing with Built CH. The main issue is interpreting the 
geometrical, material and cultural complexity of the building and finding the tools to 
represent it, with its embedded values.ô 

¶ óFor ancient buildings, complexity means the complexity of wood material strength 
changes over time, the geometric non-linearity of the wood structure, the contact non-
linearity and the structural non-linearity.ô 

¶ óFor heritage work, it should be enough information to see how the building was 
constructed. Requires carefully planning of where to set the scanner to minimise 
'shadows'.ô 

¶ óWe take complexity as having large-size objects with lots of information like 2D images, 
coordinates, and different formats.ô 

Movable objects 

¶ óObjects can be considered complex by having intricate geometry or shiny/reflective 
surfaces.ô 

¶ óIt is more related to the nature of the physical object, not so much to the procedures. It 
is more important to understand the item than to understand the procedure.ô 

¶ óComplexity has to do with the objectôs characteristics in conjunction with the 
specifications and the scope of the digitisationô. 

¶ óComplexity means the size of a site or artefact set, and the briefôs requirements in terms 
of fullness of coverage.ô 

Facets 

¶ óComplexity is something that is present in the object (shape, details, undercuts, 
material) you would like to digitise.ô 

¶ óComplexity is referred to as how complex the geometry of the object/surface is.ô 

¶ óComplexity on the digitisation of heritage objects and of the state of preservation of the 
surface may mean complex geometry or complex surface features (roughness, high 
reflectivity, cracks, decay, occlusions)ô. 

¶ óIn our project, complexity relates to morphology as well as colouration.ô 

Technical impact 

¶ óComplexity can hurt the ability to replicate and interoperate with other software 
systems.ô  

¶ óIt is unreasonable to presume that replicas can provide an ability to carry out analysis 
and interpretation like the original object.ô 

¶ óDifferent data acquisition tools needed for other materials or surface ornaments 
(scales).ô 
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¶ ó During data acquisition, the complexities go far beyond the tools used. For example, 
photogrammetry is dependent on lights and shadows to generate an accurate point 
cloud imagery.ô 

¶ óNeed to choose correct instruments to cover intricate or poorly preserved surface 
features for digitisation at necessary resolution and quality.ô  

¶ óIn photogrammetry, complexity typically means the geometric complexity of an object 
and surface material properties, directly impacting how many poses are needed for the 
equipment to calculate the best possible coverage of the surface and surface 
information.ô 

¶ óComplexity means determining the number of positions/locations needed to ensure 
scanning, providing a complete dataset and gaining access to them.ô 

Knowledge management impacts 

¶ óUnderstanding the complexity of data projects is fundamental in designing adequate 
ontologies for data architectures.ô 

¶ óEnsuring the accuracy of metadata so that images and artefacts may be readily 
retrieved when required.ô 

¶ óGeo-referencing data is a powerful tool to organise and understand complex 
information.ô 

¶ óThe complexity is in connecting and visualising this and subsequently retrieve and 
generate new knowledge and communicate that knowledge and share the data with 
peers and the public to expand that knowledge.ô 

Resource impact  

¶ óTime and effort needed to plan and capture complex environments in concise detail, 
e.g., morphology and colouration issues.ô 

¶ óDocumentation of heritage sites built in phases and ends in a complex result requires 
a larger research project than only archiving or digitising a monument.ô 

¶ óManagement of data (categorising, transcribing, linking and recovery) that span or 
transcend simple classification strategies can add time-consuming processes or require 
structured workflows that simplify and overcome it.ô 

¶ óProject planning and DMPs (data management plans) should: ensure experts in the 
team, access to required hardware and software; logistics, development of mitigation 
plans; resources/ tools/ expertise, to provide a firm foundation for the project, reducing 
risks and minimising impacts.ô 

¶ óDifferent techniques used in more complex captures require costly, proprietary and 
inflexible software.ô 

¶ óComplexity can require a combination of construction, fabrication and abilities to 
disassemble digitally.ô 

¶ óIt can interrelate immoveable heritage with moveable and oral history/context, including 
Maker-skills.ô 

Complexity in specialised conditions  

¶ óComplexity exists in non-uniform architecture such as underground cave complexes 
that significantly affects spatial acoustics and demands digital acoustic calculation 
requiring on-site measurement, including planning key positions for capturing with 
minimal site contamination.ô 

¶ óFor ancient buildings, complexity can mean the use of wood. It's strength changes over 
time and nonlinearities of geometry, contact-nonlinearity and structure.ô 

¶ óExcavation fieldwork recording requires multi-tasking in a restricted time and often 
adverse conditions (e.g. weather, lighting etc.). It is challenging to keep up digital 
documentation with excavation progress, and in many cases, parts of the recorded data 
processing happen off-site and/or during post-excavation.ô 
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¶ óComplexity, for example, involves capturing the 3D documentation and experimental 
condition of (1) CH damaged by a disaster e.g. earthquake, fire, or rains/ floods, (2) 
intricate architectural details/ancient carvings on supporting structural elements at a 
heritage site, (3) complex architectural/structural forms e.g. cupolas/vaults...both inside 
and outside, and (4) museum objects including the glass-enclosed display cases 
housing museum objects of art and culture.ô 

Complexity 

In general, there is a 
consensus that 
complexity combines an 
object's characteristics 
with the scope of the 
digitisation. 

The challenge is to 
manage all related 
activities that run 
together during the 
acquisition phase and 
reproduce aspects of an 
object, without losing 
any information. 

Selected responses 

What does complexity mean to you and your team during the 
planning and data acquisition stages of a recording project? If it 
is a consideration, how does it impact your work? 

1. Complexity is the related to activities that go simultaneously and 
in many cases are governed by actions and parameters that 
outside the sphere of the individual project responsible but can 
influence and impact on the own work (such as Environment, 
Technology, Location, Materials). 

2. Complexity means having to take specific and situationally 
different steps to capture the data. 

3. Complexity is the need to reproduce the significance and physical 
aspects of CH without reducing their overall meaning and values. 

 

Figure 18: Highlights from responses on the issue of complexity. 

Table 2 summarises how the respondents defined complexity itself both through general 
and more detailed statements and by referring it to the process/methodology of digitisation 
and to the objects to be digitised. Among the issues mentioned were the objects digitised 
(immovable, movable) and specific facets (geometry, colouration, surface), focusing both 
on the whole process of digitisation and its distinct phases (acquisition, interpretation) and 
issues (environmental conditions and access to the site). 

To adequately address complexity for immovable and movable objects, respondents 
highlighted the need to understand the object as digitising its geometry, materials, and 
specific features (such as production / construction). Therefore, for 32% of respondents, 
production procedures are crucial; for 26%, procedures were not an issue. 
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Table 2: Results from the online survey concerning complexity  

ISSUE OF CONCERN RESPONSES % 

Surface conditions (e.g., reflectivity, material) 98 10.4% 

Site access (e.g., official permission, remote areas) 91 9.6% 

Quality of images (photogrammetry) 87 9.2% 

Number of images (photogrammetry) 79 8.4% 

Environmental conditions (e.g., temperature, humidity, dust) 75 7.9% 

Data overlap of the scans 67 7.1% 

Quality of associated imagery 64 6.8% 

Comprehensive surface capture 60 6.4% 

Data storage 52 5.5% 

Level of error 45 4.8% 

For TLS, resolution of point cloud 45 4.8% 

Record of metadata 45 4.8% 

Proper registration with no identifiable errors 45 4.8% 

Limited or no obstructions 35 3.7% 

Record of paradata 21 2.2% 

Connection to a wider survey network 20 2.1% 

Other 13 1.4% 

 

3.2.2. Statements from the Respondents about Quality 

The following are selected comments to the question ñThe definition of the term 'quality' is 
the standard by which something is measured against others of a similar kind. Is quality an 
issue to you/your team during the data acquisition stage of a recording project, and if so, 
how does it impact your work?ò 

Defining quality  

Respondents defined quality by itself through general and more detailed statements, and in 
relation to the project to be carried out, to accuracy and to the concept of quality standards. 
The following subsections present a selection of the definitions provided by respondents in 
each topic.  

¶ Quality is needed, else we lose the details. For us, loss of details was a major concern 
with quality. 

¶ We need the best quality we can achieve so that our final product is useful. 

¶ It is an important tool to safeguard the collection for further generations to come. 

¶ The more quality the more information can be derived from object. 

¶ óQuality means achieving repeatable high quality with our autonomous 3D scanning 
systems, so if I place the same object in my scanning system, I get the same result (the 
same mesh, the same colours) within measurement deviations.ô 

¶ óQuality has been interpreted and documented by a correct and synthetic description of 
the used technologies and instruments, of the processing steps, and of the quality 
assessment for each phase of the process.ô 

¶ óQuality impacts the number of experiments needed to conduct to achieve acceptable 
point cloud quality.ô 

¶ óWe consider the final quality of the work to be paramount and the entire "chaine 
operatoire" is based upon evaluating confirming the highest quality of data for all steps 
of the project in order respect and archive the object.ô 
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Quality in relation to the project 

¶ óQuality is related to the desired outcome and the purpose of that heritage record. 
Quality can be reported and described; provenance information is very important in 
heritage recording.ô 

¶ óQuality is everything, but quality should be goal-oriented. The heritage sector is 
"plagued" by what I call a 3D-datafication wave. 3D models are made of everything, 
without really considering the need for these models.ô 

¶ óQuality is of utmost importance, hence we strive for high quality data, so that the (final) 
products, as well as the process itself can be useful, durable, presentable, and overall 
able to set and follow standards.ô 

¶ óThe quality aimed depend on the purpose of the digitisation. We aimed to find a way to 
measure and ensure quality of our data but is difficult to assess. We haven't found a 
method or a protocol that satisfies us completely to perform quality control for all 
acquisition.ô 

Quality and accuracy 

¶ óQuality is often related to a margin of fault measurement. It's easy to ask a high 
accuracy. This is difficult to deliver, specially within a tight commercial budget. The 
accuracy can be achieved on big parts of the project but on details it's next to 
impossible.ô 

¶ óQuality is used as index of geometric accuracy and referencing of the object, and thus 
this has impact to the selection of the appropriate software and methodologies needed 
to be used.ô 

¶ óQuality is the main challenge. It is specified in terms of accuracy, definition, resolution, 
precision. Each one as to be chosen according to the abilities of current technologies, 
data size and of courses the specifications of the study.ô 

¶ óAs a survey requires projects and specific planning, quality is one of the defined goals, 
and it is the combination of many aspects concerning not only accuracy and precision 
but also enhancing the research.ô 

Technologies, equipment, and quality  

¶ óQuality is impacted by a misunderstanding of what technology can do. It can also be 
determined by the budget.ô 

¶ óHigh quality of drone images and the use of ground control points has allowed us to 
obtain results that have a high level of definition.ô  

¶ óAs the automation and accessibility of technologies introduce more and more people to 
geomatics tools and their application to the digitisation of heritage case studies, the 
need for experts in the field is ever-increasing, to guide non-specialists on how to use 
these technologies. A big part of this process should be teaching how to obtain and 
store metadata and paradata at every stage of multidisciplinary documentation.ô 

¶ óQuality dictates equipment and acquisition methodology, as well as processing.ô 

¶ óThe quality of digitised objects refers to how closely the 3D visualisation represents the 
physical object in terms of morphology. The incremental increase in the rate in this 
sense relates to the fact that scans are now useful as a teaching collection, where 
forming traces can be reliable without needing to first conduct extensive in-person 
training.ô 

¶ óNot many techniques of photography are helpful for light correction or reaching 
inaccessible surfaces unless paired with another device. No documentation so far was 
completed without the need for physical intervention of a human or a combination of 
many devices that drive the total cost of the project up.ô 

¶ óAudio fidelity to the site's acoustics is a measure of quality in our projects. It is 
imperative to capture the room's acoustics as faithfully as possible to contextualise 
foreign sounds when digitally placed inside the virtual representation of the site.ô 
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¶ óDevelopments in GIS data management and representation, as well as the advent of 
photogrammetric techniques, have impressively improved results, though the problem 
of trying to balance metric accuracy with GIS output rendering limitations means that in 
many cases (i.e. mostly 3D photo textured meshes) simplified products enter the final 
GIS excavation data archive.ô 

¶ óFocusing on AI-based analysis of Archaeological Remote Sensing data, It is always 
desirable to obtain a big amount and high-resolution data With low-quality data, the AI-
based automation approaches may fail in terms of achieving high accuracy results.ô 

¶ óThe objects we digitise are small, and the digitisation process must ensure high 
standards of accuracy, precision and resolution. It affects our work in terms of choosing 
the optimal solutions, instruments and acquisition setup for our purposes.ô 

¶ óComparing different devices, relating to geospatial data, and to historical records, 
compression and performance for VR or 3D digital environments.ô 

¶ óQuality of the device that can be used on a budget can be a problem. Smaller project 
areas cannot afford to buy/rent or use large devices. This reduces the quality of objects 
that might have more cultural value.ô 

¶ óAchieving a high texture quality for photogrammetric 3D models is really difficult 
sometimes. Sometimes the team has to do a new series of photographs, delaying the 
teamwork.ô 

Standards, metrics, and quality 

¶ óStandards are actually more important than quality. For example, what are the 
standards of a point cloud (resolution, equipment used, accuracy etc).ô 

¶ óQuality means to be able to compare and exchange 3D models, knowing according to 
which protocols and standards they were scanned and cretated.ô  

¶ óOnly by defining and associating a certain standard to the results of a scan can we 
ensure comparability years from now.ô 

¶ óSlightest error will result in misalignment of the scans, making the whole model 
unusable. When it comes to the aggregation of digital CH data, it is essential that 
everyone is using the same standards.ô 

¶ óQuality should be measured with standards like FADGI Guidelines and ISO/TR 19263-
1:2017 and ISO/TS 19264-1:2017.ô 

¶ óMeasurable Quality standards are still lacking in our discipline - especially at the stage 
of transfer from original acquisition data to processing and storing. There are no quality-
controlled processes defined for our field (other than in, e.g. mechanical engineering).ô  

¶ óA quality metric which interests us is 3D positional accuracy in recording, requiring both 
planning and validation.ô 

¶ óQuality is the most crucial factor in our geospatial survey work for data capture, post-
processing, output generation and archive deposition for the project. We are the authors 
of the 'Metric Survey Specifications for Cultural Heritage' (12). our survey work follows 
the requirements of this document. It guides our choice of technology, accuracy, 
resolution and output generation against the needs of the client to ensure a set of data 
that is generated once but (potentially) used many times.ô 

¶ óHow documentary heritage and historical documentation were gathered and digitised 
for us was a parameter for the quality of the project. For the digitised document and 
drawings, for example, we tried to use CIDOC-CRM47 standard mapping in the creation 
of metadata and paradata.ô 

¶ óWhenever a survey is conducted, we always try to validate the results achieved through 
comparisons in order to evaluate the accuracy and precision with which the work was 
carried out.ô 

 

47 CIDOC-CRM (accessed Jun. 14, 2021). 

http://www.cidoc-crm.org/
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¶ óQuality, as a standard, needs to be more defined for clarity. Standards vary from 
techniques, intuitions, and needs. At my current post, quality is not always the top 
priority and quantity can be more rewarded than quality, and this disturbs me greatly.ô 

¶ óQuality standards are still an issue that requires shared tools and should be applied not 
only on the 2D restitution but also to the 3D modelling. Quality standards would help to 
improve a transparent sharing of data.ô 

¶ óQuality is a vague term, which neither I nor any of my clients, who are generally 
administrators, have objective criteria to assess.ô 

Data and quality  

¶ óThe main issue is the processing of more than 4000 images due to software limitations 
and the considerable size of the resulting data.ô 

¶ óQuality in data acquisition is essential, and its sufficiency for project goals has to be 
regularly checked.ô  

¶ óPhotographs of some artefacts having gleaming/reflective surfaces cannot be obtained 
to a desirable level of detail: this is noted in the metadata to be addressed through future 
re-processing.ô 

¶ óBoth in terms of metric accuracy and quality of the raw data (e.g. radiometric quality of 
a digital image acquired for photogrammetric purposes, or the noise of a LiDAR point 
cloud).ô 

¶ óWe have strict guidance and acquisition criteria set out to ensure data 
generated/procured meets our standards.ô 

¶ óThe primary issue is concerning the storage of the data captured during the process.ô 

¶ óWhen we made our project data acquisition, usually we employed the public in the form 
of Community-Based Crowdsourcing (CBC) which tends to give a decent quality of data 
acquisition to our work.ô 

¶ óAdvances in techniques, methods and theories help me in gathering data and digest it 
enough to become a piece of information.ô 

¶ óQuality scan data usually means less data being altered by software algorithms. Hence 
making the geometry of a digital replica more accurate.ô 

¶ óHigh resolution is required for the computational automated 3D joining aspects of our 
research. Many reduced solutions are used for web delivery and AR apps.ô 

¶ óData quality is paramount at the data acquisition stage. Without quality data, it is 
impossible to reconstruct the 3D model, so the number of images, their resolution and 
orientation are crucial in guaranteeing a high-quality model afterwards.ô 

¶ óTo compare different 3D models, the exact same workflow should be followed to reach 
similar outputs. The high in high-resolution is something we omit, as it is a temporal, 
subjective parameter. Indeed, to identify sub-mm details in the recorded geometries, 
absolute stability in data quality is required.ô 

Quality in special fields  

¶ óThe ability to measure surfaces, and especially surface movement, with accuracy, is 
essential for the understanding of the structural behaviour of heritage buildings.ô 

¶ óQuality assessment in film and video digitisation projects ensures that the content on 
the medium is fully transferred to the digital domain.ô 

¶ óIn tourism-related applications, quality has to do with the expectations of the travellers, 
how to provide materials to learn about the destinations/attractions and how to enrich 
their visit (e.g. through mixed realities).ô 
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Quality 

The experts 
acknowledged that 
there is a difficulty in 
objectively identifying a 
level of quality during 
the recording process. 

They mentioned issues 
with the standards, 
while most of them 
stated that there are no 
issue about the 
technologies. 

Selected responses 

Is quality an issue to you/your team during the data acquisition 
stage of a recording project and, if so, how does it impact your 
work? 

1. Quality dictates equipment and acquisition methodology, as well 
as processing. 

2. We consider the final quality of the work to be paramount and the 
entire "chaine operatoire" is based upon checking the highest 
quality of data for all steps of the project in order to archive the 
object. 

3. Quality means to be able to compare 3D models, according to 
which standards they were scanned. 

 
Figure 19: Highlights from responses on the issue of quality. 

From the responses of the studyôs survey, the parameters shown in Table 3 were identified 
by respondents as the most important for ensuring quality in the digitisation process. 

Table 3: Responses from the online survey specific to the issue of quality (see also Figure 17). 

ISSUE OF CONCERN RESPONSES 

Surface conditions (e.g., reflectivity, material) 24.24% 

Quality of images (photogrammetry) 23.23% 

Environmental conditions (e.g., temperature, humidity, dust) 17.17% 

Number of images 17.17% 

Quality of associated imagery 16.67% 

Overlap of the scans 15.15% 

Comprehensive surface capture 13.64% 

Level of error 13.13% 

Proper registration with no identifiable errors 12.63% 

Record of metadata 11.62% 

For TLS, resolution of point cloud 10.10% 

Data storage 9.60% 

Limited or no obstructions 7.07% 

Record of paradata 4.04% 

Connection to a wider survey network 3.03% 

Other 2.02% 

 

Survey recipients were also asked, ñThe definition of the term óqualityô is the standard by 
which something is measured against others of a similar kind. Is quality an issue to you/your 
team during the data acquisition stage of a recording project, and if so, how does it impact 
your work?ò  
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Table 4: Degrees of object quality (from two UNESCO WHL studies - Asinou in Cyprus and Cologne in 
Germany ï see also Annex 2). 

 

3.3. Interviews with Key Professionals  

During the study, we contacted 49 key stakeholders and highly skilled professionals in CH 
3D digitisation in CH (17 female / 32 male) of whom 88% were in the European Union and 
actively involved in digital documentation in museums, monuments and archaeological sites 
for at least eight years. The main objectives and goals of the Study were explained as part 
of a semi-structured interview, lasting for an average of 1.5 hours.  

These interviews underlined the perception of missing standards and highlighted the 
importance of the stakeholdersô and ownersô requirements for the 3D digital documentation 
(setting the limits and framework of digitisation: budget, accuracy, duration, standards, data 
preservation, etc.). They drew attention to the conditions of the object before/during the 
recording process and the location and environmental conditions during digitisation. Around 
67% of the experts underlined the importance of know-how/expertise available through the 
coordinator/team/operators. The relation (indirect association) of the projectôs complexity 
with high quality results (geometry, texture, material, structure) and importance of the level 
of hardware and software, as well as expertise, were also seen as crucial in 3D data 
acquisition. There was consensus that complexity combines the objectôs 
characteristics/conditions with the stakeholdersô requirements and that the challenge is to 
manage all the logistics and related activities that run simultaneously during the data 
acquisition phase and to reproduce high-quality results of an object without losing any 
information.  

These considerations were taken into close account when establishing the studyôs 
operational findings (see section 3.6). 

3.4. Limiting Factors in a 3D Digitisation Process 

There is a direct relationship between the type of acquisition system and the level of 
acquired complexity. As indicated in Table 5A, the current data acquisition or recording 
limits of existing hardware solutions can be categorised based on maximum accuracy 
(idealised) and, at the same time, as indicated in Table 5B, by listing the highest level of 
output based on the purpose of use.  

The capabilities of contemporary recording systems such as the high-resolution digital 
camera or terrestrial laser scanner can support even the most demanding documentation 
needs. This current hardware evolution requires a more particular attention to data 
aquistition and available infrastructure. Not all technologies are equal: some are more 
suitable for specific recording situations and conditions than others.  






























































































