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A metric test object informed by user requirements for better 3D recording 

of cultural heritage artefacts  - Abstract 

 

This research is motivated by the potential of digital technologies for 3D optical 

surface recording of museum artefacts and cultural heritage, and aims to enable 

heritage professionals to produce fit-for-purpose 3D digital records for research. 

The thesis is considering the idea of whether a digital surrogate object can be 

indistinguishable from the original against both qualitative and quantitative metric 

assessments with outcomes of the work being expressed through a new metric test 

object and case studies with real objects carried out by the author. 

 

The thesis investigates user requirements for 3D image quality using a series of 

research methods including semi-structured interviews with comparative testing of 

real artefacts next to digital representations and psychometric methods for image 

quality testing adapted from 2D to 3D image assessment. 

Outcomes of this work provide key information about: viewing habits and current 

recording tools, motivations for 3D imaging, and digital image criteria required for 

visual inspection and condition reporting. These are validated through interviews 

with stakeholders to generate a new set of 3D quality metrics which can be used to 

plan and assess 3D imaging of artefacts. 

User requirements highlighted a range of metrics that might be explored 

numerically including spatial and structural resolution and dimensional recording 

capabilities of optical surface recording systems.  

This thesis focusses on form metrology through a purpose designed metric artefact 

in order to evaluate the performance of state-of-the-art 3D capture technologies. A 

procedure for close range imaging system characterization has been developed and 

aimed at use by heritage professionals.   

 

The combination of metrics from quantitative comparative sensor testing with 

findings from qualitative testing have led to a planning tool connecting object 

properties, sensor metrology capabilities and user requirements. A better 

understanding has been gained of how technologies produce fit-for-purpose 3D 

digital records and conclusions are presented in a framework for 3D projects and 

better 3D recording of cultural heritage artefacts. Examples of the framework are 

given as case studies carried out by the author. 
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1 Introduction 

Mirroring the potential of the photographic breakthroughs of the 1800s and the rapid adoption 

of digital photography, is the growing availability of 3D recording as a mainstream service. A 

similar evolution can be observed in documentation in heritage institutions with the use of 

illustrations and text, supported by analogue and now digital photography. In 3D imaging, 

significant technical advances in recent years in both digital photogrammetry and 3D sensors 

are allowing the production of high-fidelity 3D models. As 3D technologies and their 

supporting software become more mature, affordable and available, there is a clear requirement 

for common standards and guidelines suited to scientific evaluation and understanding of 3D 

colour digital data in the heritage domain.  

The author of this thesis has been involved in numerous projects for the production of 3D 

images and 3D physical replicas, collaborating with heritage professionals in both the United 

Kingdom and international heritage institutions (Sections 5 and 7). Inspired by this work, this 

research addresses heritage professionals working with a heritage institution who might already 

be using, or planning to use, imaging for 2D and 3D recording. It is motivated by the potential 

of digital technologies for 3D optical surface recording of museum artefacts and cultural 

heritage objects, and aims to enable heritage professionals to produce fit-for-purpose 3D digital 

records for research.  

This topic is also of particular urgency in light of the current threat to cultural heritage objects 

and sites through disasters and destruction. The recent launch of the Global Coalition, Unite for 

Heritage, during the 39th session of the World Heritage Committee has mentioned the need for 

preventive action and the important role of digitisation and digital documentation to help the 

preservation, safeguarding and reconstruction of our cultural heritage, (UNESCO, 2015) 

(UNESCO Office in Amman, 2015). 

 

In this thesis, 3D digital surrogates are evaluated according to their accurate geometric and 

form representation. In the context of this thesis, the digital surrogate is used as a 3D digital 

model created with the purpose to recreate a digital facsimile or representation of a real museum 

object, displays it in the digital realm and stands in for the real object. From an engineering 

metrology point of view, any digital representation should be scientifically traceable, and 

recorded to a known degree of accuracy. The surrogacy of digital cultural heritage objects can 

take different roles in responding to heritage professional requirements for purposes of analysis 

and research, exhibition and education (Section 1.1.3). This is taking into account factors like 

requirements for 3D recording, modelling and processing (archiving an incomplete record as 

archival data with not complete surface geometry, i.e. holes, or digital hole-filling and cleaning 

and processing to produce a specified output). 

The thesis is testing the perception of digital surrogate objects in different digital representations 

to examine which elements would make it appropriate for a particular purpose and 
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indistinguishable from the original against both qualitative and quantitative assessments. 

Outcomes of the work are expressed through a new portable Metric Test Object, also called 

Metric Heritage Test Object, purpose-designed and -built, with the aim to yield results for 

metrology test cases representing solid (not flexible or transparent) and opaque (non-glossy) 

artefact surfaces and case studies with real museum artefacts (Chapter 4).  

Contributions 

This thesis is making three contributions to knowledge in the digital cultural heritage 

community: 

 Firstly, the qualitative side of 3D technological advances and their importance to 

heritage professional users is examined. The qualitative research yields a new set of 3D 

quality metrics and requirements for visual perception of digital surrogates by heritage 

professionals. This allows heritage professionals to plan fit-for-purpose 3D imaging 

and to assess a digital 3D surrogate of a museum artefact that has been created for the 

purpose of analysis and research use. 

 Secondly, a metric quantitative approach regarding the measurement of artefacts is 

taken, guided by engineering metrology to ensure that a 3D measurement is fit-for-

purpose and scientifically traceable. Existing standards and a streamlined workflow for 

controlling attributes of colour, contrast and spatial resolution of 2D images are in place 

and well established, and gloss recording is under development from the sensing and 

computer science communities. But key attributes for form recording are less well 

understood. This thesis focusses therefore on form metrology by a purpose designed 

metric artefact in order to evaluate the performance of state-of-the-art 3D close range 

recording technologies, alongside a procedure aimed at use through heritage users. This 

research focuses on close range imaging technologies and medium sized objects from 

1cm to 5m and is paired with quality control tests for the key attributes of spatial 

resolution and form (Figure 1.4).  

 Thirdly, this thesis aims to bring together a cohesive view of 3D museum object 

recording with examples and case studies carried out by the author, to demonstrate what 

can be achieved with state-of-the art 3D imaging technologies. Each has been selected 

to highlight a common framework addressing qualitative and quantitative aspects for 

3D imaging projects. This research addresses heritage professionals who are using 3D 

imaging as well as 3D imaging technicians who would like to know about the 

requirements of heritage professionals. 

Relevance of this research project to cultural heritage 

Why is 3D digital documentation of museum objects relevant to the heritage professional? The 

following key points speak clearly in favour of the significance of 3D digital documentation: 

 3D imaging has great potential to complement current museum object documentation 

and can potentially preserve a scientific record of the object for posterity, in case of 
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disaster, destruction or loss. Further 3D digital documentation key uses are given in 

Section 1.1. 

 Close range 3D imaging is a non-invasive digital documentation technique which 

produces images of an object in the round, which can be used for visual inspection of 

the digital surrogate, either on-site alongside the real artefact, or remotely. The 

documentation can be metric and can therefore be used for measurements and 

monitoring over time. This constitutes a scientific knowledge gain, if the data has been 

collected in a manner that is both traceable and to a high scientific standard. 

Photographers in heritage institutions, who are providing 2D digital documentation, 

already have excellent prerequisites for producing high-quality 3D data, albeit after a 

steep but short learning curve and training in 3D technologies. 

 Virtual 3D surrogates, resulting from digital 3D documentation and delivered via the 

web, give unparalleled access to our tangible cultural heritage. These are used for the 

purposes of education and research, and are accessible for everyone with access to an 

internet connection all over the world. 

 Recent developments of low-cost sensors or consumer cameras used in connection with 

free software allow the recording of cultural heritage as a community activity. The 

public is empowered to contribute to 3D imaging of their own cultural heritage. While 

these methods will produce satisfying visualisations of objects on a screen, the model 

might not be sufficient to meet the 3D visual and digital surrogacy requirements of a 

heritage professional. 

 The last decade of well-coordinated and funded archive and library digitisation has 

targeted mostly 2D material. The recently published Survey report on Digitisation in 

European cultural Heritage Institutions 2014 (Stroeker and Vogels, 2014) report states 

that of ‘current digitisation activities in memory institutions with collections, already 

92% have a digital collection, but only 36% have a written digitisation strategy.’ It also 

states further that 48% of European collections are 3D ‘man-made’ material. Therefore, 

there is a significant relevance and applicability for a well-coordinated fit-for-purpose 

3D imaging programme for the remaining roughly half of all 3D objects owned by 

European museums. 

To illustrate the relevance of this research, the context of documentation in museums, heritage 

institutions and archives and the aims of the digital heritage community is described in the next 

Section. 

1.1 Context 

The target audience of the outcomes of this research are heritage professionals working in 

heritage institutions, such as museums and archives.  
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 Documentation in museums 

Museums are defined by (UNESCO General Conference, 1978) and (ICOM Statutes 2007). 

Museums have stewardship over, and a duty of care for, the collections they own. Museums are 

safeguarding our tangible and intangible heritage and have a responsibility for communicating 

and researching these objects, and making them accessible to the public for a wide range of 

disciplines and collections. Part of the daily work and the management of a museum is 

documentation, based on professional principles, and ethical and legal framework and ‘is 

essential in the practice of conservation’ (Pye 2001, p.103). 

All aspects of museum work are underpinned in this way with each country having their own 

written Code of Ethics. The UK Museums Association Code of Ethics has very clear goals for 

the accessibility of museum documentation to the public (UK Museums Association, 2008). 

One major public service provided by UK museums lies in safeguarding the long-term public 

interests in the collections supported by active public access in various forms: direct access to 

the objects and indirect access via publications or in electronic form. Access should enable the 

public to explore collections for inspiration, learning and enjoyment. Another aim of access is 

‘to research, share and interpret information related to collections, reflecting diverse views.’ 

One of the main concerns of conservators is to conduct a careful examination and thorough 

documentation of an object, before and after a preservation and conservation treatment (ICOM 

2006, Section 2.20). The Codes of Ethics call for ‘written and pictorial records’  and for the 

application of the ‘highest possible standard’ as part of ‘the diagnostic examination and 

recording of an object’ (ECCO, 2004). Artefact documentation includes textual description, the 

research of the provenance of the object, the detailed inspection of the object with a production 

of drawings and illustrations. After the acquisition and accession of an object, there is a need 

for curators, conservators and museum professionals to have physical access to objects for 

object identification, comparison, checking, condition monitoring and in case of damage, 

conservation interventions and preparation for exhibition and loan. These events in the 

biography of a museum object are summarised in Figure 1.3. Information is also recorded as an 

archival entry in the museum’s catalogue, analogue (in paper files or card catalogues), or more 

commonly today, in digital management databases which can be made available over the web 

(Figure 1.2). Based on the Code of Ethics and the call for documentation as an essential practice 

in conservation and museum work, this research project is relevant for all departments of 

heritage institutions concerned with delivering digital documentation of objects using state-of-

the-art technologies. 
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Figure 1.1 British Museum Ivory OA.9999. 

Conservation records from 1954. Copyright 

Trustees of the British Museum. Case Study 

Section 5.2.3. 

 

 

Figure 1.2 Online database entry today for the 

same object OA.9999, British Museum Ivory.  

(British Museum Collection Online Database, 

2014) , Case Study Section 5.2.3. 

 Digitisation of archives in heritage institutions 

Great progress has been made in the transformation of paper archives, collections and museum 

catalogues (both textual, and, since the 19th century, illustrated) from physical formats to 

indexed and searchable digital databases, often incorporating digital images for the objects. An 

example of such a large-scale programme is the British Library’s, which includes both a 

digitisation strategy and digital preservation policies (Whitfield, 2014). Major heritage 

institutions today have a documentation and photography department, and a professional 

documentation or IT (Information Technology) specialist in charge of object databases. Public 

outreach activities and publicly available on-line collections have reduced time and effort for 

researchers and to some extent have democratised access of the public to museum holdings. 

Through the publication of online searchable databases, the public can now gain knowledge 

about hidden holdings of a museum, their archives and storage space, and too fragile and not 

exhibited objects (Hughes, 2012) and (Terras et al., 2012).  

After the well-coordinated 2D digitisation programmes of recent decades it would be valuable 

to approach the digitisation of the 3D holdings in heritage institutions and create 3D archives. 

In fact, institutions are already starting to give out advice for how to approach 3D imaging 

programmes, Section 2.1. 
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 Advantages and opportunities of 3D digital documentation 

To understand the value a 3D digital documentation brings for museum practice it needs to be 

understood what the limitations of current documentation practices are. 

Photography for documentation and condition reporting, often done with raking light, is able 

to capture the surface detail and the tonality of an object, as long as a colour profile is included 

and the screen properly calibrated. A number of photographs are taken in the round to ensure 

complete documentation. Flipping between photographs allows an understanding of the object 

surface by the observer. The complete condition assessment and detailed description of the 

artefact is usually paired with the visual inspection of the real object under a daylight lamp. 

Small surface features are additionally recorded by analytic imaging in wavelengths other than 

the visible ones, with the option of including microscopic (digital) images. Pigment analysis 

can be done by non-contact analytics or taking small but invasive samples.  

To quantify any changes that have happened geometrically, and to simultaneously compare two 

records of an object created at different times, is a difficult task. Physical replicas, like plaster 

casts, can potentially disturb the surface and the biography of the object through the use of 

invasive methods. Mechanical measurements are taken with callipers or wooden gauges, which 

can also damage the object surface. Object based learning and teaching sessions are very 

valuable, but the object can handled by only one person at a time, and it must be kept in mind 

that any handling can potentially cause damage.  

The creation of 3D digital images is not yet part of the museum workflow. Yet a variety of 

successful projects (Section 2.1.1 and 2.3.3) demonstrate that it can support many steps in the 

daily work of a heritage professional, as shown in red Figure 1.3. The elements in this Figure 

are adapted from SPECTRUM categories for collections management (Spectrum and 

Collections Link, 2011). 3D digital imaging for heritage objects holds enormous potential and 

benefits.  

The 3D image could overcome some limitations of two-dimensional catalogue entry and 

conservation reports, and deliver an immediate and detailed understanding of the object in the 

round. 3D close range imaging provides accurate form recording in three dimensions (3D) and 

time (4D) for monitoring. 3D imaging offers potential to complement conservation and 

museum practice. The importance of 3D digital documentation of artefacts and its importance 

for the heritage community are pointed out in (LaPensée et al., 2006). Specific benefits of 3D 

imaging for conservation - and its risks - are outlined in (Payne, 2013). The following section 

highlights the advantages of 3D imaging of objects in heritage institutions. 
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Figure 1.3 Museum workflow adapted from SPECTRUM collections management.  Red italics indicate 

areas where 3D digital documentation can be relevant for museum management.  

3D documentation for posterity 

Disasters can strike unexpectedly and cause the loss of our cultural heritage. They can be 

accidents caused by nature or even the result of deliberate destruction. Examples affecting 

UNESCO world heritage sites include the fire in the Anna-Amalia library in Weimar in 2004, 

where an electrical fault led to the damage and destruction of priceless historical documents 

(Deutsche Welle, 2007). A more recent disaster is the fire in the  Glasgow library of C. R. 

Mackintosh (BBC, 2014), while an intentional attack on cultural heritage motivated by religious 

reasons caused the complete destruction of the Buddha’s of Bamyian in 2001 (Nordland, 2014). 

Particularly in the latter case, the heritage site was of outstanding universal value and a 3D 

record of these statues would have helped to preserve them for posterity in digital form and aid 

future research. How else can the many efforts to virtually reconstruct the Buddha’s from line 

drawings and remains be explained (Jansen et al., 2008)?  

Dimensional monitoring of changes 

High-resolution 3D image documentation, including geometry, form and colour recording can 

create a digital fingerprint of the object. The major benefit for museum practice is the 

opportunity to create a metrically correct documentation of an object with complex geometry, 

in the round and at a specific point in time. Quantitative measurements providing numerical 

evidence can be made without making physical contact with the object. 
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Observation and measurement over time (also called monitoring) add the opportunity to 

evaluate damage objectively. Deformation analysis can be correlated to environmental changes. 

Cross-sections, height models and profiles can be extracted from the dataset. 3D digital 

documentation therefore may become of great use within an institution, or externally for touring 

exhibitions, as well as before and after loan, to prevent and identify damage. Case study 5.1 

gives an example for the use of 3D imaging for monitoring of a museum object. 

Conservation documentation and decision making 

It would add great value to the museological record to digitally document an object in 3D before 

and after conservation. 3D visualisation helps with reassembly of parts. Virtual restoration and 

visualisation allow the discussion of restoration and conservation options virtually. An example 

is the digital interactive application A modern Make-Over at the Petrie Museum of Egyptian 

Archaeology which was developed to show different versions of the restoration of an Egyptian 

cartonnage (3DPetrie team et al., 2014), Figure 2.31. New approaches to digital imaging are 

complementing traditional techniques (Getty Conservation Institute, 2013) to deliver holistic 

research on the artefact.  

Virtual reconstruction 

The digital joining of fragments or re-assembly of objects enhances evaluation and scientific 

value. This is especially true for fragments, which cannot be assembled in reality, and for 

fragments held at different institutions, which can be joined together virtually.  

A practical approach for the reconstruction of frescos shattered by an earthquake has been given 

by (B. J. Brown et al., 2008). Case study 5.2.2 demonstrates an example of a virtual 

reconstruction of a large canoe and its subsequent digital repatriation. 

Scientific research and comparison 

Researchers (and scientists) will be able to share accurate 3D data for discussion, enabling 

parallel comparisons between objects of the same type in remote locations. These examinations 

of manufacture and tool marks can lead to insights about production, as in the 3D Petrie research 

Making Many where the mass production of a group of similar shabtis from one or more moulds 

is evidenced by 3D measurement (3DPetrie team et al., 2014). 

Reduces handling, and grants access 

An advantage is the possibility to replace physical handling with virtually handling of the 

object. Handling of fragile objects, or often-requested objects in the archive, could potentially 

be reduced by simultaneously examining the real object and the 3D model onscreen, or by 

giving researchers access to a 3D image to assess if they then need access to the real artefact. 

Teaching and learning, in particular Object Based Learning sessions are increasingly 

integrating 3D objects to enhance the interaction of students with the object (Hannan et al., 

2013). 
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Enable new points of view 

Very large objects, such as dinosaur skeletons, can be measured, viewed and grasped in smaller 

scale, in the palm of your hand on a mobile device. An example of an early first use of 3D 

imaging for palaeontology is the photogrammetric dinosaur survey of (Wiedemann et al., 

1999). For anthropology and the studies of material culture the representation of digital 

surrogates onscreen enables discourse about the authenticity of the object (Were, 2014). 

Custom made mounts or repairs 

3D data of the surface geometry of an object easily allows for the custom creation of a perfectly 

fitting mount or cradle. 3D imaging can also be used to measure missing parts and produce a 

metrically correct repair part in different materials, for example by 3D printing. 

“Instead of the real object”: virtual or visual surrogate, exhibitions 

 

Virtual exhibitions, or exhibitions featuring virtual objects and interactive applications can 

replace the loan of the real object, and digital and physical repatriations can now be achieved. 

Additionally the same object can be shown simultaneously in different places independently or 

to multiple visitors on a big screen. The use of a modular approach for creating an exhibition 

without original objects has been demonstrated at UCL Qatar (3DPetrie team et al., 2014). and  

by the 3D-Coform exhibition in 2012 (3D-Coform, 2010) 

Physical replicas, museum merchandise 

3D imaging can replace contact-based reproduction or invasive sample techniques (for example 

taking a plaster cast or measuring outlines with a profile gauge) which can harm the surface of 

a sensitive artefact. 3D imaging technology allows non-destructive, non-invasive recording of 

the surface to construct a virtual image of the real object that can be navigated and explored on 

a computer (touch) screen. Physical replicas of an object can be created using digital datasets, 

for example by 3D printing objects. These replicas can be to-scale, larger or smaller. This opens 

up a new opportunity for museum gift shops to sell reproductions as well as other revenue 

creating activities.  

For more information about 3D printing, see Appendix 9.5.  

Visitor engagement  

As a further output, 3D prints from can enhance the understanding of objects, take part in 

exhibitions displays and be of great use for education and teaching (Hess & Robson 2011). 3D 

replicas can offer tangible objects for the visually impaired, and innovative possibilities for 

teaching, learning and research have also been discussed in (Robson et al. 2012) and (Hess et 

al. 2011). 
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Limitations of 3D imaging 

Despite its advantages, 3D imaging also has limitations, mainly due to the types of surface it 

can record. Transparent, shiny, very dark surfaces, or objects with complex surface geometry 

containing occlusions are problematic to record. Usually as a rule of thumb if something is 

difficult to photograph, it will be difficult to record with 3D imaging.  

Summary of advantages and opportunities 

In summary, the non-contact and non-invasive surface sampling and options for the workflow 

named above distinguish 3D imaging for conservation use. For outreach, visitor engagement 

and education, a 3D digital object offers many advantages over traditional online databases. 

Heritage professionals have recognized the opportunities and are already motivated to use 3D. 

This research project has established the key motivations (Section 3.6.2). 

 Possible barriers to adoption of 3D imaging in cultural heritage 

institutions 

Digital imaging, and especially 3D digital imaging for heritage, holds many potentials and 

benefits (Section 1.1.3) but there are also barriers to its wider adoption. These are examined in 

more detail in Section 3.6.6. 

Conservation and security concerns 

Curators and conservators raised concerns about the security of the object, which might need 

to leave the museum and be transported to a 3D imaging laboratory. Before an object can leave 

the heritage institution, an insurance policy will have to be in place. Fragile and unique objects 

can only be handled by experienced staff, and in most cases imaging will only happen in the 

presence of museum staff. Objects might have requirements for certain environmental 

conditions, for example a relative humidity (RH) of about 55% for wooden objects and about 

20% for metal objects. The precious or unique object might suffer damage from transport, 

handling and long-term effects of exposing the object surface to light and laser radiation, which 

might accelerate decay. Certainly, concerns are especially high for organic objects if the sensor 

operates with UV light.  

Specifications and expectation management 

3D imaging programmes in heritage institutions require planning and expectation management. 

While each set of objects and indeed, each object, need to be approached individually to ensure 

fit-for-purpose outcomes. Imaging of a complex object requires customized set-ups, and an 

adapted / customized workflow for the production of the 3D image. Training and the learning 

curve for heritage professionals should be taken into account and oftentimes-existing expertise, 

such as professional photography knowledge, can be very beneficial for 3D imaging outcomes. 

For most digital imaging tasks, a number of technologies are applicable. A definition of the 

specification before a project starts enables a correct estimate of both cost and time. This thesis 
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gives pointers on how planning can be approached and specifications determined. Heritage 

institutions will need to integrate digitisation time as well as long-term maintenance of hard- 

and software as well as data preservation into their budget.  

Budget, time and cost 

For managers and curators in heritage institutions, 3D imaging resides under the label of 

expensive and time intensive methods with uncertain outcomes and low efficacy versus well-

proven conventional documentation and assessment methods.   

Currently the costs in equipment and training of staff, with a non-automated workflow with 

outcomes reliant on each technicians’ digital craftsmanship, are seen to outweigh the long-term 

benefits for 3D imaging for cultural institutions’ management. However, current projects under 

development, aiming at mass digitisation of archives alongside automated processing 

workflows (e.g. Cultlab3D), promise an efficient approach with long-term benefit, e.g. for 

accessibility (Section 1.1.3). Nevertheless, each project will have to consult with 3D imaging 

professionals on how to set up fit-for-purpose imaging workflows that meet the specific 

requirements. Great care has been taken in this research to involve the stakeholders directly. 

Heritage professionals were interviewed in order to obtain a clear idea about their requirements, 

enabling accurate profiling of their specifications and requirements. This research will help to 

initiate an approach for project management in 3D imaging programmes in heritage institutions 

enabling them to benefit from 3D imaging in future projects.  

 Summary of context 

The context of heritage institutions and codes of ethics, as well as the workflow required to 

produce 3D digital surrogate from artefacts has been discussed.  

The particular importance for high-quality 3D documentation to the level of a digital surrogate 

was stressed. We can safely say that the 3D technology cannot produce exact copies at the 

moment. However, the technology can provide a 3D fingerprint, based on scientific recording 

of the surface, and contributes therefore to the safeguarding of our moveable cultural heritage. 

Disasters, such as the collapse of the Anna Amalia library or the archive in Cologne are 

poignant reminders that digital documentation could have saved a lot of historic records for 

humanity. 

1.2 Research aims and objectives 

 Problem statement  

This research is motivated by the idea of creating 3D digital surrogates of artefacts, and 

responds to a need for high-quality fit-for-purpose 3D models for research and assessment in 

heritage institutions. In order to achieve this, new tools to integrate 3D imaging and 3D digital 

documentation into museum practice are required. The following issues have been identified 
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when reviewing ongoing research and activities in the field (Section 2.1.1) and during 3D 

heritage imaging projects (Chapters 5 and 7): 

1. Currently the production workflow of a good digital surrogate is time-intensive and 

dependent on the quality of the captured data and the digital craftsmanship during post-

processing (experience and skill of 3D imaging technician). Subjective decisions are 

taken to improve the appearance of the 3D model for geometry and colour. Whilst 

metadata collection for processing can be achieved (but is not very common), there is 

currently no option to automatically reproduce post-processing results of a 3D model. 

2. Even though there have been technological advances, and provisions for the 

infrastructure to record and store 3D colour data of museum artefacts (Section 2.1.1), 

there is currently no comprehensive research of specific user requirements of cultural 

heritage professionals to ensure a successful outcome of 3D imaging and for evaluating 

3D image quality.  

3. Recent affordable hardware and software are largely characterized by being closed-

source and ‘black box’ with an absence of numeric or metric quality information at the 

acquisition stage and subsequent processing steps. Therefore 3D colour image data 

generated for the recording of small museum objects and archaeological finds are 

highly variable in quality for geometry accuracy, resolution and colour rendition. While 

these 3D outcomes might be visually appealing and a good visual representation, these 

outcomes are not producing scientifically traceable 3D image quality.  

4. While there are guidelines for evaluating 3D imaging sensors for engineering 

metrology professionals (Section 2.3), there is neither a tool for the independent testing 

of 3D sensor capability for the heritage institutions, nor guidelines for giving 

specifications or framework for the production of quality controlled 3D images of 

museum objects.  

5. Barriers for adoption and deployment of 3D imaging in heritage institutions are related 

to time and cost management. Existing expertise for photography and image processing 

by heritage institution staff could mitigate the steep learning curve required to produce 

fit-for-purpose 3D imaging results, and could outweigh initial investments of time and 

cost in staff training and equipment (Section 1.1.4). 

 Research aims and questions 

The aim of this research is to foster high-end 3D content generation by cultural heritage 

professionals that is fit for the intended purpose and to ensure that data captured today is 

sustainable for a wide range of scientific uses into the future. This research aims to create a 

framework for close range 3D imaging of artefacts at the intersection of heritage professional 

users, collection objects, and 3D imaging metrology (Figure 1.5). In order to achieve this, the 

research answers the following questions: 

1. What are the important user requirements and 3D image quality metrics used by 

heritage professionals for the tasks of condition assessment and visual inspection?  
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2. Can the capability for form recording of close range 3D imaging sensors be verified by 

a purpose-built Metric Test Object and independently assessed by non-engineer users?  

3. What is the relation between qualitative data (visual display) and quantitative data 

(metric accuracy) for 3D images? 

4. Can specifications be developed based on heritage professionals’ requirements to guide 

better 3D imaging practice in cultural heritage institutions?   

Limitations and topical exclusion 

There are limitations of the applicability of the metric test object and the results from it (and of 

the digitisation tools) in terms of applications to cultural objects. The applicability to rigid 

objects with particular surface properties is implicit and the test object is less useful if these 

conditions are not met – e.g. for situations where the objective is 3D capture of flexible, 

transparent or highly reflective objects. By making this explicit early in the thesis there will be 

no need to continually place conditions within the rest of the thesis. 

This research is not seeking to provide solutions for improving the qualitative viewing 

experience by users, or improve audience engagement in galleries through 3D models (other 

aspects in Section 3.3.3). Furthermore, streamlined digitisation workflows and standard for 

controlling colour of 2D images are in place and well established and gloss and BRDF recording 

are already under development. Therefore colour and gloss recording are not subject of this 

research.  

 Research process 

This work performs a qualitative and quantitative study of 3D imaging in heritage institutions. 

Qualitative research will survey the current use of 3D in heritage institutions as well as 

requirements for project planning and workflow. User testing with stakeholders is conducted 

using a set of objects and their 3D digital images created with different imaging technologies. 

They are presented to assess their fidelity and authenticity as digital surrogate objects for the 

task of condition reporting and assessment; this will help to create a set of 3D image quality 

metrics. 

A quantitative approach is taken to gather scientific evidence for 3D image quality assessment, 

for both a designed Metric Test Object and selected digital images of museum objects recorded 

with commercially available metrology and 3D imaging equipment. This research develops an 

evaluation procedure using a purpose-designed Metric Test Object as a tool for heritage 

professional users to conduct quantitative evaluations of 3D image sensors with a focus on form 

recording. This project highlights a framework for 3D recording of artefacts in heritage 

institutions. 
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 Target audience and target object size 

This research addresses professionals, who use metric measurements or who collect 3D data 

professionally, and who want to understand gains from a fit-for-purpose recording. Interviews 

with the target audience, heritage professionals and their motivations inform the outcomes of 

this research. A description of who took part in interviews and surveys is detailed in Section 

3.6.1. This research is not considering 3D visual representations for viewing by the general 

public, outreach or dissemination of these models. 

 

l 

Figure 1.4 Museum object recording in context. Red arrows indicate objects related to the research 

topic of this thesis, between 1cm and 12 m. 

 

This research focusses on ‘movable cultural property’ and discusses the application of 3D 

colour imaging of artefacts. It concentrates on close range imaging technologies and medium 

sized objects ranging from 1cm to 5m in size (Figure 1.4), where the key attributes of spatial 

resolution and form are most clearly required. Museum objects are also called artefacts in this 

research, as in the etymological meaning of ‘man-made object’. Objects and evaluations made 

in this research are described in detail in sections ‘Qualitative Research’ (Section 3.3.1 and 

related Appendix 9.2.7), and ‘Case Studies carried out by the author’ (Section 5). 
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1.3 Structural summary of this doctoral thesis 

 

Figure 1.5 Venn diagram of doctoral thesis structure. 

The thesis consists of six main chapters:  

Chapter 1 gives an introduction to museum conservation and documentation in context of this 

research.  

Chapter 2 reviews the state-of-the-art and presents existing research, publications and projects 

relevant to this research. This chapter also describes relevant developments since the beginning 

of this PhD in 3D imaging for museum objects and a review of qualitative research and 

metrology. The two main chapters of experimental work and a chapter with case studies follow 

this.  

Chapter 3: ‘Requirements of heritage professionals for 

3D image quality - qualitative evaluation’ connects the 

three main factors: users, objects and 3D imaging 

metrology. The chapter yields outcomes for user 

requirements and 3D image quality metrics (Figure 1.6).  

 

Figure 1.6 Diagram of thesis highlighting user 

requirements in the qualitative evaluation 

chapter. 
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Following on, Chapter 4 approaches recurring themes 

and emerging user requirements by 3D sensor 

capabilities testing with a Metric Test Object – metric 

quantitative evaluation relevant for the requirements of 

professionals. This chapter describes an independent 

verification procedure for form recording of 3D 

imaging sensors with a new metric test artefact for a 

wide range of close range sensors, and ascertains if 

visual user criteria can be connected with numeric 

results.  

 

Figure 1.7 Diagram of thesis highlighting 3D 

imaging metrology in the quantitative 

evaluation chapter. 

The experimental chapters are followed by Chapter 5:  

Framework for 3D imaging projects demonstrated on 

3D imaging case studies, which demonstrates new 

framework for better 3D recording and 3D imaging 

projects. Its’ procedures integrates metric quantitative 

evaluation of 3D sensor capability, which help to 

produce fit-for-purpose 3D images and metadata. 

Selected case studies, carried out by the author, 

evidence how tasks and how heritage professionals’ 

requirements and questions are answered by 3D 

imaging of an artefact. 

 

Figure 1.8 Diagram of thesis highlighting 

objects discussed in 3D imaging case studies. 

Chapter 6 ‘Conclusions and further work’ includes reflections on contributions, impact of the 

project and opportunities for further work. This is followed by authors’ publications and 

projects (Chapter 7), references and bibliography (Chapter 8).  

Appendices (Chapter 9) evidence the work carried out with data and images. A glossary lists 

key terms for conservation and heritage (Appendix 9.1.1) and engineering terms for 3D imaging 

and photography (Appendix 9.1.2). Terms will be shown in italics the first time they appear.  

 

Illustrations and photographs in this thesis are by the author if not otherwise indicated. 
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2 Review of digital documentation and 3D heritage 

recording (state-of-the-art) 

This chapter reviews existing research, publications and projects relevant to this research. 

About ten years ago the idea of documentation on the one hand and heritage recording, scientific 

imaging and measurement in 3D on the other were still quite separate topics, with practical 

work conducted by different disciplines. During the time of this doctoral study, 3D digital 

imaging as contribution to cultural heritage research has become much more accepted by the 

heritage community as conjoint topics. The emerging discipline of ‘digital heritage’ has adopted 

digital documentation and is now facing challenges and experiencing support from both sides 

– heritage studies and 3D metrology. The reader is reminded that a glossary of terms is 

accessible in Appendix 9.1.  

This chapter accordingly reviews the following topics: 

 Development of 3D imaging for heritage and museums  during the time of this thesis, 

case studies and projects relevant to this research , Section 2.1.1 

 Qualitative evaluation: After introducing qualitative methods, this section describes the 

relevant biology and physiology of human perception, and methods for user testing and 

methods to quantify the subjective perception of images. This section also highlights 

ongoing research into colour and gloss recording. 

 Metric evaluation of sensors: This research concentrates on 3D measurement of form 

recording and spatial resolution. Therefore a classification of 3D imaging technologies 

is presented along with a description of 3D imaging technologies used in this research 

and for object imaging in heritage projects. If not otherwise indicated, the authors’ 

photographs of the sensors are used, to illustrate and highlight the practical application 

of these technologies. Numerical evaluation of the data follows in Chapter 4. Section 

2.3 also describes numeric verification tests for form recording and guidelines from 

engineering metrology. 

2.1 Digital documentation for cultural heritage and museums  

Documentation as an activity goes back as far as the written word, and indeed, drawing. 

Documentation for cultural heritage is central in transferring our knowledge, the written word 

or illustration stored and passed on with the object. Digital documentation is just the latest 

version of this process; it makes this knowledge available in digital or computer-readable form. 

It fosters easy dissemination around the world and its records are easy to store and retrieve. It 

can be said that it is only in the last 30 years that digital image capture, asset management and 

display technology were integrated in the heritage documentation and presentation (Evans, 

2006, p. 549). 
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Digital imaging of an artefact can be defined as the creation of a digital dataset of the real world, 

composed of textual, graphical or spatial information in two or three dimensions. Data is 

captured by an opto-electronic sensor and then visualised with a computer. The acquired data 

is ‘digital born’, that is to say without transition from one medium to the other, accessible on a 

computer, and represents a virtual image of the real world. The term summarises all system 

components involved in generating the digital image (Luhmann et al. 2013, Section 3.4). 

Based on current museum practice this research study has been designed with the understanding 

that the acceptance of state-of-the-art digital documentation has risen massively in the last ten 

years, and that heritage professionals have decided that digital records of museum objects do 

meet the requirements for heritage documentation.  

 Development of 3D imaging for heritage and museums  

The following section describes milestones in the development and use of 3D imaging 

technologies for heritage object recording and its application use cases for projects and 

investigations. The development of 3D imaging technologies will be described including a 

selection of ground-breaking projects before 2005 and with a particular focus on a selection of 

projects dealing with digital two- and three-dimensional documentation for objects between 

2005 and 2014, which is the timeframe the author has been working with 3D digital heritage.  

This is not an exhaustive list of projects and developments, but highlights some exemplary 

projects. The documentation of built heritage is not discussed here, as it is beyond the scope of 

this research. 

Photography and Photogrammetry  

Photography represented the real world in a more faithful, repeatable way than hand-drawings 

and illustrations. The invention of photography can be dated to 1822 by the French inventor 

Nicéphore Niépce. 3D visualisation also dates back to the early 19th century and the invention 

of the stereoscope by Charles Wheatstone (in 1838), a device that creates the illusion of 3D 

depth from two photographic images for the observer. Photogrammetry, or metric recording 

through photographs, was developed shortly after, and can be regarded as the first non-contact 

‘remote sensing’ method. The architect Albrecht Meydenbauer pioneered photogrammetry on 

glass plates for monuments in the 1860s, and built up an archive of orthographic images of 

architectural monuments in Prussia (Staatliche Messbildstelle Dresden). Photography has been 

readily adopted by museums and on archaeological sites to document finds with the inclusion 

of metric scale bars (Figure 2.1 and Figure 2.2).  

Over the years, its development followed the technological evolution of photographic cameras 

from glass plates, to film and eventually to high-resolution digital SLR cameras (digital single 

lens reflex) (also Section 2.3.3). Should the reader want to know more about the historical and 

technical development of analogue to digital photography and photogrammetry, they are kindly 

directed to the in-depth ‘Historical developments’ in (Luhmann et al., 2013, sec. 1.4). 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Review of digital documentation and 3D heritage recording 

Page 36 

Theoretical discourses around digital images reference the work of (Benjamin 1935) and 

(Baudrillard, 1981) within debates on aura and authenticity, on the one hand, and the simulacra 

on the other. Benjamin reports that with the age of mechanical reproduction objects are 

alienated from ritual and their mode of being. Similarly, Baudrillard questions the simulacra of 

objects and how this has a power to subvert the original.  

 

 

Figure 2.1 Full size to scale (1:1) photography of 

necklaces and earrings from the Petrie Museum.  

(Flinders Petrie, 1927, f. I). 

 

Figure 2.2 Flinders Petrie documenting finds with 

photography. (Image Creative Commons: UCL 

Petrie Museum of Archaeology). 

3D imaging for object recording 

3D digital imaging replicates a real world object by recording it with opto-electronic sensors. 

It produces a digital 3D model viewable from all sides, i.e. ‘in the round’ and to-scale, with the 

dataset containing surface information including surface properties and colour. 3D capture has 

moved on from its original home among specialist photogrammetric groups of the 1960s to 

1990s to parallel digital imaging advances, adopting automated algorithms for 3D 

reconstruction from the computer vision community. Section 2.3.1 gives a detailed description 

of the definition and technologies of 3D imaging technologies. 

Around 2000, available 3D equipment and methods required highly accurate, but expensive, 

metrology equipment as well as costly licensed software. Then, as now, it was routinely used 

in areas of quality control in industrial manufacturing (for example in the automotive industry) 

and medical imaging, amongst other uses. 3D imaging kit for documentation of heritage 

buildings and museum objects was owned primarily by universities through research grants. 

Early projects used traditional surveying documentation methods in combination with digital 

documentation methods.  

A ground-breaking project for the 3D digitization of cultural heritage was the Digital 

Michelangelo project for its technical integrated solutions for 3D imaging and use for making 

the results available to researchers worldwide. Mark Levoy’s (and others including Roberto 

Scopigno) recorded Michangelo’s David in Florence in great detail in the late 90’s (Levoy, 

1992). Great technical knowledge was gained of the scanning of marble as translucent surface 

(Godin et al., 2001). and the administration and visualisation of large 3D datasets (Levoy et al., 
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2000). Valuable information was gained from the 3D dataset before restoration and a 3D data 

processing strategy and visualisation tool for scientific investigation by cultural heritage 

professionals was developed, see (Scopigno et al., 2003) and (Callieri et al., 2004). Following 

on from the first imaging project a new dataset war recorded after the restoration of the 

Michelangelo’s David when there were concerns about fine cracks on the surface (Bathow et 

al., 2010a).  

In 2003, Paul Devebec and his research group used 3D images by structured-light recording 

from plaster casts of the Parthenon frieze from the collection of Basel Skulpturhalle 

(Switzerland) and the Louvre in Paris (France). The resulting 3D models were used to virtually 

restoring the reliefs and architectural details onto its original place on a 3D architectural model 

of the whole of the Parthenon (Stumpfel et al., 2003), and used the 3D model to create a real-

time immersive virtual environment with relighting. In 2008, further 3D recording of the 

Acropolis, including detailed 3D imaging of the Erechteion, was conducted with the aim to 

create a GIS system (Moullou et al., 2008). 

Another early project used 3D object digitisation is the Adam entry gate (Adamsportal) of 

Bamberg Cathedral, Germany. The project started in 2002 and used 3D scanning and 3D 

reproduction. Aiming to reinstall several of the museum’s medieval sculptures in their original 

location, 3D models from structured light scanning were subsequently 3D milled in foam 

(Figure 2.3). Negative forms were taken of the 3D print and a stone replacement material was 

cast and installed on the Adamsportal (Bellendorf, 2011).  

Digital documentation for conservation research on museum objects was pioneered with the 

digitisation of important objects, for example the documentation and motion analysis 

(monitoring) of the Westminster Retable in Westminster Abbey, London, using 

photogrammetry and a related conservation database (Figure 2.4) (Robson et al., 2004). A 

holistic approach for object geometry analysis was the detailed 3D and multi-spectral 

photographic documentation of the Mona Lisa, a collaboration between the Louvre and the 

National Canadian Research Centre (Figure 2.5), (Mohen et al., 2006) and (Blais et al., 2008). 

 

Figure 2.3 3D reproduction / 

CNC milling of statue 

(Bamberg Cathedral). (FH 

Coburg, Germany.) 

 

Figure 2.4 Rendered 3D 

surface of the Westminster 

Retable.  Image from (Robson 

et al., 2004). 

 

Figure 2.5 The virtual Mona Lisa, 3D 

coloured scan obverse and reverse.  

Image from (Blais et al., 2008). 

Further noteable projects are the use of 3D replicas as part of museum interactive displays and 

4D visualisation of the Belgium Ename abbey site (Pletinckx et al., 2000) and provenance 

analysis from shape with the Louvre Museum Islamic vases  (Knopp et al., 2010).  
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3D images have been used to digitally plan and simulate reconstruction of fragments. A good 

example is the virtually restoration project of the Madonna di Pietranico, which was severely 

damaged by an earthquake in Abruzzo in central Italy in 2009. A combination of traditional 

conservation techniques and 3D imaging technology lead to the creation of a planning tool of a 

support and to the simulation of the reassembly before physically reassembling the fragments 

of the statue (Figure 2.6). The support elements for the statue fragments were produced by 3D 

rapid prototyping (Bevilaqua, 2011). The project is described in  (Palmas et al., 2013) and 

(Arnold, 2014a). 

 

Figure 2.6 Reconstruction of the Madonna di Pietranico.a)3D scans, b) 

virtual reconstruction, c) physical reconstruction using 3D prints. 

Image from (Arnold, 2014a) 

 

Figure 2.7 Reconstruction of the 

Madonna di Pietranico.Image by 

(3D-Coform, 2012a) 

 

Figure 2.8. Conveyor-belt 3D imaging by Cultlab3D using a moveable rig as light-dome and automated 

structured-light scanning. Image by (Fraunhofer Institute for Computer Graphics Research IGD, 2014a) 

 

In summary, a great number of projects have been undertaken for research use since before the 

year 2000. Lessons learned from these have helped to make 3D heritage documentation 

available and more intuitively useable for heritage professionals. While the use of 3D imaging 

for museum objects has continued since then for selected museum objects or conservation 

questions, a more recent aim for 3D imaging is mass digitisation of whole collections, and 

conveyor-belt technologies are still under development in the Cultlab3D project (Fraunhofer 

Institute for Computer Graphics Research IGD, 2014b). The boundaries between the disciplines 

of computer science and cultural heritage documentation have been increasingly blurred and 

professionals both disciplines have moved towards an inspiring and constructive collaboration 

with the quest to solve problems related to digitising our cultural heritage. Applied examples 

for computational analysis for cultural heritage projects are classified and referenced in 

‘Geometry analysis in Cultural Heritage’ by (Pintus et al., 2014). An excellent summary of 
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these developments with applied project examples is also given by D. Arnold in ‘IEEE 

Computer Graphics and Applications’ (Arnold, 2014a) and (Arnold, 2014b).  

In addition, a movement towards cost-efficient and affordable 3D imaging for smaller 

institutions, which do not require large, starting investments, are being explored. An good 

example is the Agora3D project in Belgium state museums (Semal et al., 2013). Heritage 

Institutions, higher education institutions (HEI), schools and local councils have been inspired 

by the opportunities provided by new 3D technologies. Recommendations for best practice, 

advice for use, and information on how intellectual property rights apply to 3D models are 

starting to emerge (JISC Legal Information, 2013).  

Infrastructure projects for 3D digital heritage documentation 

To make these 3D records available to the interested public and researchers, projects for the 

creation of digital infrastructure have been undertaken. While this doctoral research project is 

not aimed at creating a dissemination or infrastructure tool for the storage of 3D object data, a 

number of relevant projects, described in this section, improve the standing and availability of 

3D digital documentation in the heritage community. Figure 2.13 shows an overview of the 

digital heritage projects mentioned in this section in a timeline from 2006-2014. As a reaction 

to increasingly available digital records of libraries and archives, the Europeana database was 

launched in 2008 as an aggregator of digital assets from European collections of art and 

artefacts which are then disseminated via the internet (Europeana 2012). This marked the 

beginning of the semantic annotation of digital assets for conservation, and since 2012 

increasingly includes 3D digital objects. 

The EU funded EPOCH project (2004-2008, Network of Excellence in Open Cultural Heritage) 

brought together institutions working at the interface of technology and cultural heritage, and 

made available the first free software for the processing of 3D models. This freeware included 

a server-based photogrammetric reconstruction program, and a 3D point cloud and polygon 

mesh processing tool (EPOCH WebSiteTeam@VAST-LAB, 2008). The EU 3D-Coform 

project (‘Tools and expertise for 3D Collection Formation’) followed the EPOCH project and 

pursued further developments in free 3D acquisition and processing software, and a distributed 

repository system for 3D objects (Arnold, 2013). The need for infrastructure developments, 

standardized ways of communication, and the design of feasible practical approaches for 

cultural heritage (CH) professionals was highly stressed by both the EPOCH project (Arnold 

and Geser, 2008) and the 3D-Coform project (Pan et al., 2010).  
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2D and 3D collections of heritage artefacts on the web 

 

Figure 2.9 X3DOM web viewer by Fraunhofer 

IDG, Germany for the 3D-COFORM project. 

(3D-Coform, 2012b). 

 

Figure 2.10 Smithsonian X3D web viewer with 

annotation boxes and tour of the object available. 

(The Digitisation Project Office et al. 2013). 

With increasing digitisation, browseable and searchable 2D image collections databases have 

become more accessible to the public via the web. This includes museum collection databases 

(e.g. The British Museum and the Victoria and Albert Museum, UK), but also interactive 

navigation through galleries and also private collections (e.g. Tate Gallery by Google Art 

project (Google Cultural Institute, 2011), and (BBC and Public Catalogue Foundation, 2012). 

The launch of WebGL (Web Graphics Library) paved the way for the publication of 3D models 

on the web. WebGL is a JavaScript API (Application programming interface) for rendering 

interactive 3D and 2D graphics within any compatible web browser and without the use of plug-

ins (Mozilla Foundation, 2011). The optimization of the delivery of 3D models via the web is 

part of many ongoing projects. The 3D-Coform project presents 3D image libraries on the web 

based on OpenGL / X3DOM (Figure 2.9) (3D-Coform, 2012b). Therefore, since 2011, selected 

objects are increasingly publicly accessible on 3D image websites, for example at (Musée du 

quai Branly, 2012) and (Museums Sheffield, 2012). In November 2013, the Smithsonian 

launched its viewing software X3D (Figure 2.10). An interactive viewing software was 

developed, including virtual exhibition tools and freely downloadable 3D models with 

sponsorship and collaboration from Autodesk. The Smithsonian integrates collection metadata, 

but – at the time of writing – no information regarding the technical recording into their datasets 

(The Digitization Project Office and Waibel, 2013). Following the 3D Petrie project, the Petrie 

Museum of Egyptian Archaeology published a selection of their 3D objects on the web in 

March 2014 (3DPetrie, 2014a) (3DPetrie, 2014b).  

Exhibitions using 3D models and reproductions instead of the real object 

With the technology of integrating 3D model viewing software and applications through 

WebGL and gaming engines an innovative presentations of 3D high-quality models of museum 

objects are used in exhibitions. 

In 2004, use of 3D images for a ‘3D virtual artefact exhibition system’ has been demonstrated 

by the Taiwan’s  National  Palace  Museum  (NPM) in 2004 and has recently been extended to 

mobile devices (Kuo et al., 2013). The EU-project 3D-Coform produces an exhibition, which 

is concluding the project, alongside an image library on the web for the Victoria and Albert 

Museum. (3D-Coform, 2012c).  
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The UCL Petrie Museum of Egyptian Archaeology has created an exhibition with only 3D 

digital models or 3D prints called ‘3D Encounters: Where Science meets heritage’ to 

demonstrate a modular exhibition at UCL Qatar (3DPetrie team et al., 2014) (Section 1.1.3). 

 

 

Figure 2.11 3D-Coform 

exhibition at the University of 

Brighton, September 2012. (3D-

Coform, 2012c). 

 

Figure 2.12 Exhibition at UCL Qatar 3DEncounters: Where Science 

meets heritage , November 2012.  (3DPetrie team et al., 2014). 

Ongoing projects for 3D heritage documentation 

At the time of writing, relevant ongoing projects relating to 3D heritage documentation are: 

Carare (CARARE, 2013) and 3DIcons running from 2014 to 2016 (3D-ICONS, 2012). The 

Cultlab3D project (Fraunhofer Institute for Computer Graphics Research IGD, 2014b) is a 

state- and EU funded initiative at the Fraunhofer IGD in Germany where a conveyor belt system 

fitted with multiple correlated sensors allows for mass digitisation. In 2015, the first commercial 

system should be available as a result of the project (Figure 2.8).  

In the year 2014 a new project called MicroPasts has started ‘a community platform for 

conducting, designing and funding research into our human past’ (Bonacchi et al., 2014). The 

project, led jointly by the UCL Institute of Archaeology and the British Museum, has also 

collaborated with the 3DPetrie project to integrate the crowd sourcing making of images to 

create 3D models Structure from Motion images. 

In the future, from 2015, the author is looking forward to new projects by the Creative Europe 

(Collections Link, 2013) and the Horizon 2020 program (European Commission, 2014) that 

promise to include funding for new projects in 3D technologies for museums and cultural 

heritage institutions. 
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Figure 2.13 Timeline of 3D digital heritage projects 2006-2014.  Legend: yellow milestones = web-based 

resources launched, black milestones = exhibitions and events, blue = project duration. 

 Summary of digital heritage documentation 

Mirroring the potential for the photographic breakthroughs of the 1800s is the growing 

availability of 3D recording as a mainstream service. After a short introduction to the history 

of photography and photogrammetry, this section has looked at the development of 3D imaging 

and has pointed out projects, innovation milestones and activities relevant to this research, 

Figure 2.13. Digital documentation for cultural heritage and 3D documentation for museum 

objects has been the subject of a great number of research projects for the past 10 years and 

selected exemplary projects before 2005. These projects have in aim in common to expand the 

limits of 3D documentation use, to integrate interactive applications into research and 

museums, and to explore new opportunities and merits of 3D imaging for cultural heritage 

(Section 1.1.3). Heritage professionals were familiarized with 3D technologies for their future 

use. 

Figure 2.14 shows the development of the availability, i.e. affordability and access, and cost of 

3D imaging systems from the year 2006 to 2014. Increased availability of freeware and more 

affordable soft- and hardware and online publishing tools (red) with the simultaneous decrease 

in cost of professional equipment (blue) and use of D-SLR cameras for 3D data acquisition, 

makes 3D imaging more accessible for museums and cultural heritage. The entry barrier for 

museums, to integrate these technologies, has fallen significantly in the past years. The use of 

available tools for heritage imaging can be described as ‘From photography to laser scanning 

and back again’. 
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Figure 2.14 Cost and availability of 3D imaging systems per year (2006-2014). (Author: M.Hess) 

 Recommendation documents for the use of 2D documentation and 3D 

imaging in cultural heritage institutions, libraries and archives 

In recent years, institutions concerned with the digital documentation of cultural heritage have 

published a number of recommendation papers about 2D digital conversion and 3D imaging 

for cultural heritage objects and sites.  

Guidelines for the digital conversion, i.e. photographing and scanning 2D archival 

material  

Libraries and archive standards for the digitisation of 2D archival material  have been published 

by different institutions: the Library of Congress (The Library of Congress, 2006) and by the 

Still Image Digitization Working group of the Federal Agencies Digitization Guidelines 

Initiative (FADGI, 2010). These guidelines contain a definition for spatial resolution, colour 

and other relevant quality indicators. Furthermore, recommendations are given on how the 

digitisation is to be executed to achieve best results for the production of master files as raster 

image, and metadata standards and sustainable digital preservation. The recommended spatial 

resolution for the digitisation of 2D material changes for the archival material type, but is set at 

a minimum of 300 ppi (points per inch) by the Smithsonian Institution (Smithsonian Institution 

Archives, 2011) and in most recent publication on digitisation of Endangered Archives by the 

British Library (British Library, 2015). Existing metric approach to assessing Spatial Frequency 

Response as an expression of the spatial resolution of digitisation is discussed in Section 2.3.7. 

Metric Survey Specifications for Cultural Heritage by English Heritage  

In 2000, the Royal Institution of Surveyors set benchmark standards for topographical and 

measured (heritage) building surveys. An addendum to the publication was titled: Terrestrial 

Laser Scanning User's Guide (Bryan and English Heritage, 2003). English Heritage’s (EH) 

‘Metric Survey Specifications for Cultural Heritage’ use this format to provide the basis for 
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creating standard specifications for terrestrial imaging for active (3D laser scanning) and 

passive sensors (imaging / photogrammetry) when creating a survey brief for 3D recording of 

historical architecture and sites. The document has been published a second time containing 

recommendations for 3D laser recording and photogrammetry (Bryan et al., 2009), and is now 

freely available over the web (Barber et al., 2011). The document provides a set of 

specifications and forms for the client to include in his brief, if they are not familiar with 3D 

imaging technologies. Furthermore, it also contains direct instructions on how to approach, 

record and document heritage, defining graphic and textual outputs that architects and engineers 

usually need to appraise a building or to use for planning (e.g. maps, scaled plans, elevations) 

as well as metadata guidelines.  

Specifications for the required outcomes of a 3D imaging activity are included here as it relates 

to the aim of this research: creating a framework for users for better close range imaging of 

artefacts (Chapter 5). 

Recommendations for 3D imaging by UK Heritage Lottery Fund and Museums 

Association 

In 2012, the increased availability and interest in 3D technologies in heritage institutions led to 

recommendation papers by well-known UK professional associations. 

The UK Heritage Lottery Fund (HLF), as part of creating digital resources when ‘Using digital 

technology in heritage projects, good practice guide’ (Heritage Lottery Fund, 2012), published 

a daily price for 3D laser scanning (GBP 400). Unfortunately is unclear whether the 3D laser 

scanning only refers to the time needed for recording, or if it also includes post-processing 

activities.  

The UK Museums Association (MA) explored 3D technology and its potential for digitisation 

and 3D printing and featured exemplary case studies, for example about developing 3D 

interactives (Serpico et al., 2013) and the 3D scanning of a museum space, the now 

decommissioned Shipping Gallery at the Science Museum (Science Museum et al., 2013). 

3DPetrie was also asked to give a workshop at the Museums Association conference for 3D 

imaging programmes  (Museums Association, 2013). 

Recommendations, toolkits and infokits for 3D imaging by JISC 

JISC (formerly Joint Information Systems Committee) is the UK’s expert on digital 

technologies for education and research. JISC Digital Media has recently updated their 3D 

Toolkit for Equipment for Image Digitisation Projects (JISC Digital Media, 2015) and the 

Digital Content Infokit (JISC Digital Media, 2014). The publication gives an overview of all 

the steps needed for 3D digitisation of content for the non-specialist academic in UK Higher 

Education. It includes planning, equipment selection and acquisition, 3D digitisation by 

scanning and photogrammetry, 3D modelling, 3D printing and delivery via the web. A very 

interesting topic is the discussion of copyright and intellectual property rights (IPR) as it relates 

to 3D digitisation alongside many case studies (JISC Legal Information, 2013). Further advice 
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for institutional strategies for digital content for Higher Education Institutions and also 

Museums and Archives is given in (JISC, 2013). 

 Metadata for Virtual Heritage and 3D digital assets 

The concept of metadata collection is a well-known and established field. A widely known 

standard is DUBLIN core (DCMI, 2014) which defines fields and vocabulary to encompass 

different digital media annotation, aiming for interoperability. 3D digital data needs careful 

metadata annotations for future retrieval and understanding. This is equally important to all 

digital resources for library and archive use. This research project will be giving 

recommendations on how to record workflows and annotate these datasets (Section 5.1.5). 

Therefore, existing guidelines for 3D data are briefly discussed here. 

 London Charter 

The London Charter for the computer-based visualization of cultural heritage was first 

published first in 2006 (Beacham et al., 2006) and amended in 2009 (The London Charter 

Interest Group, 2009). The recommendations include traceable and repeatable production of 

virtual heritage assets. The charter aims to serve Arts, Humanities and Cultural Heritage 

disciplines using 3D visualisation for research and dissemination. Its aims are to make 3D 

documentation a practical tool for documenting tangible cultural heritage and to deploy digital 

technologies in support of all aspects of cultural heritage professionals’ work. The London 

Charter has introduced the word ‘paradata’ for the metadata describing digital born data. 

Subsequently it was proposed that definitions of provenance, accuracy and transformation 

(post-processing) should be included in the paradata (Niccolucci et al., 2010). 

CIDOC-CRMdig 

The International Committee for Documentation (CIDOC) of the International Council of 

Museums (ICOM) began work on the Conceptual Reference Model (CIDOC-CRM) in 1996 

under the Documentation Standards Working Group. It is an ontology-based model on a 

restricted number of classes and identifiers, all expressed by object-oriented conceptual 

modelling. In late 2006 the official standard was published as ISO norm (ISO 21127, 2006). 

The CIDOC-CRM model has been significantly extended to include the CRMdig (digital 

extension) and can be applied to the archiving and database description of 3D models (Doerr 

and Theodoridou, 2011). 3D-Coform has developed a user interface where 3D models can be 

described, ingested into a server database, and even annotated and shared with other researchers 

(Arnold, 2013, pp. 17, 19). This topic is included here to complement the digital preservation 

aspect of 3D images with associated metadata, but modelling of metadata with CIDOC-

CRMdig is beyond the scope of this research project.  
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2.2 Qualitative research  

This research project is seeking to understand the visual perception and viewing habits of 

heritage professionals - specifically the visual inspection practices used for condition reporting. 

Visual inspection is looking at an object is a subjective activity. Therefore, the method of 

qualitative research by user testing was selected to achieve the necessary outcomes to answer 

the research questions.  

The following sections describe the biology of human visual perception and examples of 

existing research frameworks and approaches for user testing and assessing 2D image quality, 

which are relevant for the user testing with heritage professionals in Chapter 3.  

 Qualitative methods and useability testing  

Qualitative research is a process of enquiry, based on the description of events gained through 

observation or interaction with participants, to gain an in-depth understanding of human 

behaviour. It draws from the context in which events occur and attempts to ‘describe 

occurrences, as a means of determining the process in which events are embedded and the 

perspectives of those participating in the events, using induction to derive possible explanations 

based on observed phenomena’ (Gorman, 2005, p. 3). Methods of qualitative research are 

employed across academic disciplines such as social sciences and anthropology, and industry 

(market research), to gain insight into behaviour and decision-making. It is used in this research 

where conclusions from quantitative data or research (like numerical and statistical data) are 

not delivering explanations of the target audience’s reactions.  

Qualitative data is usually collected by audio recording, video recording, transcribed texts from 

interviews with single participants, or focus groups. One form of interview, the semi-structured 

interview - as used in this research - are based on a series of questions, but allows flexibility 

and enables  the interviewer to respond with questions to any new ideas introduced by the 

interviewee. Induction, the process of understanding and interpreting data, and the presentation 

of participants’ perspectives, is synthesized after data and evidence have been collected. 

Interpretation is achieved by analysis of recordings or notes through the formulation of 

categories against which a text is analysed (Gorman, 2005, p. 3). Quantitative research in this 

context means setting up an experimental environment, in which actions and occurrences are 

observed. Hypotheses are tested against collected data and quantitative values, such as 

statistical or numerical data, which serves as empirical support to evaluate research hypotheses. 

An introduction to qualitative research methods, data collection and interpretation methods, 

alongside case studies, is given by (Gorman, 2005).  

User testing in the Humanities often adopts the ‘ethnographic’ approach with observation of 

actions (Warwick, 2012). Useability inspection method have been described by Nielsen (Mack 

and Nielsen, 1993) and use heuristic (i.e. collection of clear feedback on command, often pen 

and paper forms) methods. The useability testing is improved by participants with domain 

knowledge. The inspection aims at identifying useability problems in an interface and aim for 
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the highest interface efficacy (in a design iteration). The success of a formative testing like this 

will be the absence of useability problems. 

Techniques for data capture: Information and answers can be collected qualitatively by using 

naturalistic observation and notes as the most unintrusive method, or can have semi-structured 

interviews which are guided through a pre-conceived structure of questions. Additionally 

information can be teased out of the participants by Think-Aloud-Protocol, i.e. by asking 

participants to speak along as they complete tasks. Makri reflects on the advantages and 

disadvantages of Think-Aloud protocol and applies the pret a rapporter framework (Makri et 

al., 2010). Interviews can subsequently be transcribed and analysed, with software such as 

Nvivo (QRS International, 2013), and the coding according to criteria can be conducted, called 

Grounded Theory. This method is called Semi-structured qualitative studies (SSQS) 

(Blandford, 2014).If scenario based evaluations are undertaken , the following criteria influence 

the outcome of the study: domain suitability (role dimension), technical usability (look and feel 

dimension), and user acceptability (look and feel and role dimension)  as described by Nielsen 

(Nielsen and Mack, 1994) .  

Human Computer Interaction (HCI) describes the collection of user-oriented evaluation criteria 

and methods for evaluating in different frameworks. The purpose of the evaluation can be 

summative evaluation (i.e. information and summary of design features) or formative (i.e. 

evaluation to inform further design activity). Testing can be conducted in a dedicated interaction 

lab with audio- and video recording as well as logging of mouse- and click and screen recording. 

If information of user behaviour in other contexts is observed, the recordings are mostly notes 

and audio. The UCL Interaction Centre (UCLIC, UCL Computer Science), specialised in HCI, 

have developed the ‘Pret a Rapporter’ qualitative research method by (Blandford et al., 2008), 

which guides structured reporting on user-centred evaluation studies. The application was 

illustrated by three evaluation studies of digital library systems. The acronym stands for 

Purpose, Resources and Constraints, Ethics, Techniques and methods, Rapporter stands for 

reporting on the findings. In this research project, it was used as reporting structure and as 

planning tool (Chapter 3) as it covers the important elements of qualitative research reporting.  

Examples for the use of qualitative research in cultural heritage are given in the following 

section. 

 Examples for user testing and collecting user requirements for 3D digital 

models in cultural heritage and digital humanities 

Alan Chalmers has been demonstrating Image Quality assessment with psychometric testing 

by testing applied in Human-computer Interaction and is demonstrating lighting models for 

Byzantine churches to virtually recreate the environment perception in a church (Mudge et al., 

2008, sec. 4: Recreating Authentic Virtual Byzantine Environments). 
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Observational studies, supported by computer modelling and combining textual analysis and 

visual inspection techniques was used by (Terras, 2006) to aid the reading of ancient Roman 

Tablets from Vindolanda (a former Roman fort near Hadrian’s Wall, UK).  

An example for mixed qualitative and quantitative research combining the use of observation 

studies and interviews with stakeholders is given in a PhD thesis, (Lin, 2009). Lin evaluated 

virtual learning environments in the context of learning activities. She developed a prototype 

3D exhibition and used observation studies to evaluate how visitors learned. 

A more recent example for collecting evidence was given through consultation with subject 

specialists and by describing user scenarios for the use of 3D digital models. A report about 

user requirements for 3D models was published (3D-Coform and Arnold, 2009), called ‘Initial 

version of User requirement analysis and functional specifications’, followed by (3D-Coform 

and Arnold, 2011) with a revised version. The report was not updated for the final report of the 

project (2012), and therefore an in-depth research of user requirements for specific tasks is still 

outstanding. 

Testing for a ‘User-appropriate viewer for high resolution interactive engagement with 3D 

digital cultural artefacts’ was conducted by Conservation Technologies Liverpool (Gillespie et 

al., 2013) and (Gillespie et al., 2014). This survey focusses on the usability and interaction with 

the interactive viewing software. The sample of eight participants allowed conclusions for 

design improvements of the viewing software. User comments on the quality of the 3D images 

were not discussed in the paper.  

Online surveys and surveys connected to tasks are also conducted to get insights into behaviour 

of website users and online users remotely. An example is demonstrated by Terras for the use 

of the British Museum Online Collection database, with a survey including tasks (Terras et al., 

2012). A survey including verbal feedback was also demonstrated by Terras to query the 

motivation  of non-specialist creators of online collections (Terras, 2010). Warwick affirms that 

user testing should include the target group at the earliest possible point, to be sure to design an 

interface or system that takes into account the users wishes and workflow, (Warwick et al., 

2009) and (Warwick, 2012). 

In summary, research towards user requirements has successfully used qualitative research and 

user testing in cultural heritage user studies. Mixed qualitative and quantitative research is used 

in Chapter 3 of this research. 

 Human visual system: finely resolving details, 3D and colour perception 

This research intends to connect visual and qualitative properties with the quantitative values 

from 3D images delivered to satisfy the human observer, i.e. to deliver a virtual / or digital 

surrogate. The following human visual perception capabilities have influence on the perception 

of the real object and of 3D colour models on screen:  

 Resolving power (or visual acuity) and smallest details discernible by the human eye  

 Colour perception  
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 Material perception through surface properties like gloss  

These properties of the human eye change for every person. Human visual perception 

subjectively differs depending on our training, alacrity, visual acuity and mood. However, what 

we see can be discussed using the biology of human vision. The human visual system is 

described in detail and with relation to imaging in (Allen et al. 2011, Chapter 3), but some 

pointers that contribute to the evaluation of 3D models will be described in this section. 

Human vision in three dimensions 

Our vision of the world in three-dimensions results from our ability to see simultaneously 

through two eyes. The primary mechanism of depth perception is stereopsis, where both eyes 

look at a scene from two different angles. The brain is able to interpret this as a single image 

(Allen et al., 2011, p. 73). The two eyes are separated through a base line and the images have 

a parallax, similar to stereo imaging systems. The visual trick of creating a three dimensional 

impression via two overlapping images has been employed in stereoscopes since the 19th 

century (Section 2.1.1). Photogrammetry actively uses the principles of human vision for the 

creation of 3D models.   

Spatial resolution of the human eye 

Very similar to a camera system (Section 2.3.7), the contrast sensitivity function in human 

vision is defined by spatial frequency (cycles per degree) versus modulation response. Normal 

human vision allows the distinguishing of a single hair of the thickness of ca 0.003mm to 

0.01mm at a close distance of ca. 20cm. This indicates that the human visual system has a high 

spatial perception or resolving power, which can be increased by magnification through a 

purpose built lens such as a hand lens or microscope. Further details of human biology which 

determine our ability to discern geometric detail are explained in (Allen et al., 2011, p. 35). 

The spatial resolution of an optical imaging system is an essential quality criterion and detector 

characteristic for detailed 2D recording.  

Colour perception of the human eye  

Light is the visible form of electromagnetic radiation, the human eye only perceiving a small 

part of the complete electromagnetic spectrum (Figure 2.23). The eye recognises colour 

dependent on the spectral composition and power level of light entering the eye, with three 

different types of cones (L, M, S) providing us with photopic vision (red, green, blue composite 

colour perception). 

 Colour science: representation and quality control methods 

Following on from the human visual system with its excellent capabilities to discern between 

colours, the colour impressions produced by screens play an important role in the perception of 

3D digital images. Colour science describes the humanly visible spectrum using various 

models. These different models of colour spaces represent colour and its different dimensions 
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of lightness, hue and colourfulness. The CIE (International Commission on Illumination) 

system of colorimetry has become the international standard since 1931 (Jackson et al., 1994, 

p. 64ff). 

Colour reference charts are used to correct colour reproduction in printing, photography, TV 

output and electronic publishing. As well as Kodak colour charts and the Munsell Greyscale 

colour reference (Figure 2.17), the x-Rite Chart, is usually used as a colour reference (Figure 

2.18) - either full scale (ca 288mm x 200mm) or with the x-Rite passport (81.5mm x 57mm) 

(X-Rite, 2012). It consists of 24 scientifically prepared coloured squares, with lambertian 

surfaces, as well as bright white and dark black. Because the colours on the Macbeth Chart span 

the gamut of reproducible colour and are a good spectral approximation of real-world object 

colours, it is a very useful tool for matching and correction (Jackson et al., 1994, p. 226). Due 

to the matt surface, it is an optimal colour scanning control device. Associated control tables 

include CIE / Munsell and RGB measurements. Measurement tools are used to determine 

colour on a physical object or target: spectro-radiometer for measuring spectral power 

distributions, or a spectrophotometer for the measurement of spectral reflectance or 

transmittance. Recorded colour varies for each instrument or sensor according to its capabilities 

and calibration. Colour depth and the display of colours vary on different media (CRT / LCD). 

Screens and projectors must be colour calibrated with dedicated tools to match the calibration 

target. An example of a package developed to fulfill user needs for colour recording quality 

control, spatial frequency and control from object to digital data is Golden Thread by 

(ImageScienceAssociates, 2014). 

 

  

Figure 2.15 Colour Space CIE 1931 

chromaticity coordinates (xy). (example of full 

CIE diagram). (CIE - Brand, 2015) 

  

Figure 2.16 Example a 3D colour laser scanner   

capability mapped into the CIE diagram. (MacDonald, 

2010). 
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Figure 2.17 Munsell Neutral Values Scale (Matte 

edition). 

 

Figure 2.18 Gretag Macbeth Colour Checker. 

 Spectral perception and surface reflectance   

The visual impression of an object surface varies due to its chemical composition and its 

material colour or applied surface colour. The type, spectral composition and amount of light 

hitting the object’s surface changes the visual appearance and significantly aids in perceiving 

the materiality of an object. The appearance of an object’s surface varies as it is seen from 

different angles and under varying lighting situations. The visual impression of a colour surface 

is also affected by the following properties: absorption, adsorption, scattering, transmission, 

diffraction rate of the surface, specular reflection (Figure 2.19a) and diffuse reflection (Figure 

2.19b). Additionally, colour perceptual response is different for each observer (Jackson et al., 

1994, p. 11). Transparent material, like glass, does not exhibit a scattering of light within the 

material, but only wavelength-dependent absorption. Translucent material, for example white 

marble or travertine, shows scattering of light. 

Surface properties influence 2D and 3D recording of the surface, and might result in erroneous 

measurements due to the majority of light either not arriving at the sensor, or on the contrary, 

multiple reflectance (white hot-spot similar to a flash against a glossy surface). The display of 

correct surface reflectance and gloss would be crucial for recording and viewing of digital 3D 

museum objects. 

 

 

Figure 2.19 Image showing different surface 

properties.  (Graphic Stuart Robson). 

 

Figure 2.20 BRDF (Bi-directional reflectance 

distribution function). (Weyrich et al., 2008, p. 82). 
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Surface reflectance, also called gloss or specularity in this research, describes the brightness or 

shine on a smooth surface and the quantity of light that is reflected from it. In an ideal reflector 

the incident angle corresponds to the angle of reflection, and the surface is highly glossy (Figure 

2.19a). In contrast to this, the ideal diffuse reflector reflects the same amount of light equally in 

all directions (Figure 2.19d). A thermoplastic resin, called Spectralon reflectance material, is 

characterised by the highest diffuse reflectance of any known material or coating. This surface 

property is called lambertian, and is often used for geometric reference targets.  

The ability to measure and then digitally reproduce surface reflectance on a 3D digital model 

in a way that is truthful to the real object is proven to be difficult. Museum objects and artefacts 

are characterized by variable surface reflectance, colour and texture. A gloss meter records 

point-based gloss values, a tool often used in industry. Measurement values and scales are based 

on a highly polished reference glass standard at specified angles (20 º/60 º/85 º). Guidelines for 

gloss measurement and vocabulary from an engineering point of view are available from NPL 

UK (Hanson 2006).  

 

The closest to a correct recording and digital modelling is the BRDF (Bidirectional reflectance 

distribution function), which shows distribution of intensity over all possible angles of 

incidence and reflection (as shown in Figure 2.20). Significant advances in BRDF have been 

made principally in the computer graphics community in recent years. For a detailed description 

of the principles of BRDF measurements, its limitations and recording prerequisites, the reader 

is directed to the following key reference: (Weyrich et al., 2008, p. 101).  

Recording systems from more than one viewpoint are still in the prototype stage. The University 

of Bonn’s research group has been developing strategies for Bidirectional Texture Function 

(BTF) acquisition and rendering and distribution over the web (Müller et al., 2005), and have 

also developed a prototype tool for BTF recording of reflective object surfaces. The prototype 

DOME II, or so-called Multi-View Dome consists of a dome set-up with 11 cameras and 188 

LED lights for the acquisition of objects of ca. 20 x 20 x 20cm size. This prototype is described 

in detail in (Schwartz et al., 2013) and (Schwartz et al., 2014). 

Another new prototype consists of a monitor as a programmable area light source, and SLR 

camera to record light for the acquisition of approximately flat material samples. This is a 

prototype development using a linear light source described in (Aittala et al., 2013). 

Hopefully ongoing developments will provide a tool for the wider audience to record BRDF of 

3D objects. Therefore, the measurement of gloss and BRDF are beyond the scope of this 

research. 
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Figure 2.21 BTF dome/ Multiview-dome for acquisition 

of surface reflection by the University of Bonn.Image 

from (Schwartz et al., 2013) 

 

Figure 2.22 The three different prototypes for 

BTF acquisition at University of Bonn.Image 

from (Schwartz et al., 2014). 

 Image quality metrics by user testing 

In the design and publishing industries, standards and categories for assessing 2D image quality 

and fidelity by qualitative testing with end users are already routinely used. 

Image Quality Assessment is usually obtained by observations using psychophysical 

experiments with a selected focus group. Judgements are gathered under controlled viewing 

conditions, using instruments to determine the quality of the displayed images (MacDonald and 

Jacobson, 2006, p. 357). The goal is to establish the acceptability threshold for each of the 

image attributes by comparing images as perceived by a user. In assessing metrics of 2D 

images, dimensions of quality are defined by tone, sharpness, colour and data defects or loss 

through computational image compression and graininess. This test method involves the 

subjective choice and perception of users. 

User experiments aimed at subjective image quality assessment can be modelled along the 

guideline for ‘psychophysical experimental methods for estimating image quality’ (ISO 20462, 

2005a) with a defined standard display and viewing conditions as suggested in (ISO 3664, 

2009). The attribute Just Noticeable Difference (JND) is defined and described in (ISO 20462-

1 2005, Section 3.3) as a ‘measure of the detectability of appearance variations’, for the 

evaluation of 2D images quality. Methods for sample combinations, such as pair comparison 

or triplet comparison, are discussed in (ISO 20462-3, 2005). The psychophysical experimental 

method, or psychometric testing, for Just Noticeable Difference (JND) is aimed at 2D images 

and photographs. It is adapted to testing 3D model quality by user testing in this research 

(Section 3.7.1). 

2.3 Metric evaluation of sensors (quantitative evaluation) 

This section discusses the physics of image formation, introduces different 3D imaging 

technologies and reviews methods for evaluating non-contact surface measurement 

technologies.  
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 Close-range non-contact optical 3D imaging technologies  

 

Figure 2.23 The spectrum of electromagnetic radiation.  Units are in nanometres. The visible 

light spectrum ranges from about 380 to 760 nanometres, and makes up only a narrow range 

of the complete electromagnetic spectrum of light waves (10-6 to 10 12 nm).  

(Graham, 2003, p. 8) 

Many of the surface recording measurement principles make use of photogrammetric principles 

to deliver 3D measurement data from 2D data. Therefore, the physics of image formation is 

relevant to this research. The definitions for digital imaging have been given above (Section 

2.1.1). The definition of the expression non-contact optical 3D imaging in the context of this 

research is as follows: 

 Close-range is addressing sensors with a recording volume of 1cm to ca. 50cm. 

 The expression non-contact refers to recording and measurement methods that are not 

physically touching or probing the object. (Contact measurement, in contrast to non-

contact, is using a touch probe with a Coordinate Measurement Machine, a mechanical 

measurement gauge. Sampling for cross-sections in conservation can also be seen 

related to physical contact with the object and invasive sampling.) 

 The expression optical refers to images that solely record the visible surface of the 

object (and not penetrate the object, such as X-ray imaging). The physics of image 

formation is based on wave optics and the electro-magnetic spectrum. Non-contact 

optical imaging technologies are dependent on ‘light as the information carrier’ 

(Luhmann et al., 2013, p. 5) and are used in the visible light range between about 380 

nm to 760 nm, or in closely neighbouring wavelengths from 200 nm to 1000nm (i.e. 

near infrared to ultraviolet, Figure 2.23). This responds to the spectral sensitivity of the 

sensors employed in 3D imaging technologies (CCD, CMOS chip, formerly 
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photographic emulsion). Light energy is translated into electrical energy in image 

sensors (Luhmann et al. 2013, Section 3.1).  

 Collecting 3D object surface data is known as 3D imaging. 3D imaging refers to digital 

3D recording of an object by sending out signals, either visible or laser light, and 

measuring the return, from the surface of an object with an optical sensor. The result 

is a dense, 3D, metric, measureable, to-scale, digital dataset representing the real 

object. Points are defined by a Cartesian coordinate triplet (x/y/z), i.e. a set of numbers 

that uniquely determine the position of a point in space, to form a 3D model. Together 

the points of an object surface form a list of coordinates called a pointcloud. The spatial 

coordinates of a 3D image are defined by a plane (x and y-axis), and the height (z-

axis). The point can also contain further information such as surface colour and surface 

normal direction. Alternatively, a surface model using polygons – usually triangles 

(and therefore called a polygon or triangle mesh) can represent the dataset. The output 

quality of the 3D image or 3D digital model should come close to representing a digital 

surrogate and the understanding of its requirements are a core topic in this research. 

Digital curators might prefer the expression virtual or visual surrogate (M Hess et al., 

2015). 

 There are different strategies and methods for 3D imaging sensors to record a surface. 

These are called technologies, systems or sensors in this research. The problem of 3D 

object reconstruction from images is mathematically based on the correspondence 

matching of common features. The calculation also uses a known baseline or 

separation of sensors for triangulation, and metric elements, such as coded targets or 

scale bars. The extraction of 3D information requires solving the correspondence 

between single images or recorded points or lines, based on the camera or sensor 

information. Close range technologies can be based on triangulation, but also on time 

of flight (speed of light as a known quantity). A set of technologies will be described 

according to a classification (Section 2.3.2) and will be referred to as Systems Under 

Test or SUTs (Section 4.5). The SUTs will be evaluated against a set of qualitative and 

quantitative criteria. 

 Classification of 3D measurement principles 

Engineering metrology encompasses a wide variety of 3D imaging technologies (systems and 

equipment) based on different measurement principles. A review of the existing classifications 

of 3D measurement principles shows three predominant approaches:  

1. Passive and active: This classification of different types of sensors is based on the 

physical sensor properties for recording light waves. Sensors are divided into passive 

(non-emitting, i.e. all photographic receptor sensors) and active technologies (light or 

LASER beam or pattern emission and recording) (Beraldin et al. 2000, Figure 2).  
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2. Static, single-axis and multi-axis: Systems are categorized by the degrees of freedom 

of movement of the sensor, i.e. how they address a test object / range of movement 

(Carrier et al., 2011, sec. 2).  

3. Sensor properties: This classification divides sensor technologies into point by point 

probing, optical systems based on line scanning and multiple view systems based on 

area scanning. It is presented in the VDI guideline 2634 for Optical 3D measuring 

systems (VDI/VDE 2634-2, 2002),(VDI/VDE 2634-3, 2008).   

This last classification is the most efficient for conducting measurement verification of 3D 

sensors and for evaluating their form recording capabilities. For the quantitative evaluation of 

3D sensor capabilities carried out in this research, sensors are therefore described based on the 

three sensor properties: area-based, line-based and point-based (Figure 2.24, Section 2.3.3). 

Form recording capability for sensor evaluation has also been reviewed by (Guidi, 2013). The 

classification is particularly useful for the heritage community for understanding the 

applicability of sensor technologies to heritage projects. 

 

Figure 2.24 Classification of 3D imaging technologies used for this research.  
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 Imaging technologies for close range artefact recording 

The following section will introduce the imaging technologies used in this research project 

according to the classification in Figure 2.24 above. This list of technologies is not intended to 

be exhaustive. Long range laser scanning and building-scale recording will be excluded, as they 

are not relevant for the objects studied in this research. The reader is directed to (Beraldin et al., 

2010) for basic principles of laser scanning, including LiDAR and terrestrial laser scanning. All 

described technologies and sensors have already been used successfully for museum artefact 

3D recording. Illustrative examples are given alongside a technical description. The section 

commences with the basis of imaging: photography and photogrammetry. 

Digital Photography (area based, image-based recording) 

Today, digital photography is ubiquitous and accessible to everyone, via smartphones or 

reasonably priced cameras. Specialist equipment, such as cameras for professional or artistic 

use in documentation and media is more expensive. Heritage institutions often have a dedicated 

photographic laboratory routinely used for the documentation of museum artefacts (Section 

1.1.2). Digital photography is well established as a successor to analogue photography. 

Standard terms of photography have been carried over, while sensor technology definitions, 

such as pixel and contrast, have been revised from their original photographic definitions. The 

technology is explained in detail in the ‘Manual of Photography’ (Allen et al., 2011), and 

definitions for sensor technology and system components for opto-electronic sensors (CCD, 

CMOS) can be found in (Luhmann et al. 2013, Section 3.4). Some standard terms in 

photography and optics, which have relevance to close range recording at high magnification 

and the creation of 3D digital images by single-image or multi-image photography, are: 

 Focus: the point where light rays originating from a point on the object converge, 

described visually: point P’ in Figure 2.25 appears sharp on the image plane. 

 Aperture (also called f-stop) and depicted as point O in Figure 2.25: the element which 

limits the angular size of the transmitted bundle of light rays, usually a round diaphragm 

behind the optical lenses. The rule of thumb is a small aperture (a high number for the 

f-stop, i.e. f16 / f18 / f22) will give the recorded scene a high depth of field, so that a 

larger part of the image is sharp. The larger the aperture (i.e. the lower the f-stop 

number, f4 / f2) the lower or shallower the depth of field is. 

 Depth of field (depth of focus): The distance between the nearest and farthest objects, 

that creates a sharp image on the image plane. A high depth of field is desirable for 3D 

imaging as it enables better computational image matching. 

 Field of view: describes the angular cone defining the area seen through the lens. The 

field of view can be changed by using different lenses or zoom levels. A 28mm lens 

gives a large field of view (wide-angle lens), whereas a 60mm lens is closer to the field 

of view of the human visual system and has a smaller angular view. 

 Lighting: photography for 3D imaging is usually recorded in the visible light range, and 

sufficient lighting of the scene should be provided to illuminate the object. 
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 Occlusions: similar to the human visual system, not all parts of an object can be seen 

from a single viewpoint, a concept that can be transferred to all 3D imaging 

technologies. To record the object in the round, the object needs to be imaged from a 

number of angles around the object. Careful planning of positions might be necessary 

before starting the recording. 

Photography is executed in the visible light range; analytic imaging extends the recording of 

the electromagnetic spectrum. Multispectral imaging employs different filters to restrict the 

wavelengths of the recorded light (Figure 2.23). Digital photography for conservation 

documentation is often used for the examination of artworks. Multispectral photography can 

detect elements on an artwork that are not visible to the naked eye, for example pencil drawings 

hidden under an oil painting. Successful examples of the use of multispectral techniques  are 

the imaging of the Mona Lisa (Mohen et al., 2006, p. 76), and more recently of the Lady with 

Hermine, both paintings by Leonardo da Vinci (Lumiere Technology, 2014). For another 

successful project using multispectral imaging of degraded parchment in order to reconstruct 

text that would otherwise be lost, see (MacDonald et al., 2013).  

Conservation practice has specific guidelines for the photographic documentation of artwork. 

A scale bar and colour reference are routinely included and pre-defined lighting directions are 

indicated, for example for raking light images used to visualise surface geometry features at a 

low incident angle of light. 

Digital photogrammetry for single image or stereo image acquisition (area-based 

recording) 

Digital photogrammetry today is a robust and established non-contact 3D measurement 

technique based on optical methods and used in a wide range of disciplines including 

engineering applications, geodesy, geography and entertainment industries. Photogrammetry is 

ideal for the documentation of heritage and museum artefacts and ‘encompasses methods of 

image measurement and interpretation in order to derive the shape and location of an object 

from one or more photographs of that object’ (Luhmann et al. 2013, Section 1.2.1). It aims to 

reconstruct an object in three dimensions, metrically correct, and in digital form. 

 

Figure 2.25 Pinhole camera imaging.(Luhmann et 

al., 2013, p. 7). 

 

Figure 2.26 Principle of photogrammetric 

measurement.(Luhmann et al., 2013, p. 6). 
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The recording is based on the pinhole camera model, where an object point P in the real world 

corresponds to an image point P’. The line P-P’ defines the spatial direction of the image ray 

through the perspective centre O (Figure 2.25). Central projection imaging determines the shape 

and position of an object by reconstructing the bundle of rays passing through O. From the 

intersection of at least two spatially separated image rays, an object point can be located in three 

dimensions (Figure 2.26). To obtain the 3D model, measurements are taken of radiometric data 

at each image point (or pixel). Parameters required for photogrammetric image acquisition, in 

addition to those of digital photography described above, are internal orientation (internal 

geometric model of the camera) and external orientation (also called extrinsic, describing 

spatial position and orientation of the camera). The camera geometry influences expected 

systematic errors in the 3D image (Section 2.3.5). One camera, two cameras (stereo 

photogrammetry) or multiple cameras can be used (Luhmann et al. 2013, Section 1.2.3). Two 

or more overlapping images are taken from different locations and for good results, image 

positions around the object, viewing it from different angles should be planned systematically 

before imaging (Figure 2.27-5). A procedure, termed self-calibrating bundle adjustment, is 

fundamental to many automated 3D image reconstruction procedures where it is teamed with 

automated image feature and area matching processes. For further details on image formation, 

analytical methods, and image processing the reader is directed to the book ‘Close range 

photogrammetry and 3D imaging’ (Luhmann et al., 2013). 

However, one key point in photogrammetry is that the scale of the 3D model is unclear unless 

calibration scales such as objects with known lengths are included in the imaging e.g. Invar 

scale bars or boards with artificial reference points. Targets defining a known distance must be 

included in single image photogrammetry to aid the image reconstruction of natural features or 

surface points (Figure 2.27-1,2,3 and Figure 2.28). For the case of stereo image 

photogrammetry, a known separation between a camera pair (base line) is included to enable 

the reconstruction of the scale. After image acquisition, a preliminary network geometry of the 

recording can be computed in specialist software such as VMS (Vision Measurement System 

(Shortis and Robson, 2012). A typical digital close-range photogrammetry workflow (Figure 

2.27) allows 3D colour documentation of small to medium sized objects by creating an image 

network through multi-photo bundle adjustment.  

 

The example in Figure 2.27 shows the set up for single image photogrammetry of an Egyptian 

object from the UCL Petrie Museum. The arrows indicate:  

1. Photography lab set up with a set of targets ( Figure 2.28) and flash with soft box for 

diffuse lighting 

2. Camera set-up over the object  

3. Coded photogrammetry targets for the extraction of distances from reference points  

4. A set of images, in photogrammetric software  

5. Graphic of camera positions (network) around the object, after multi-bundle network 

adjustment computed in photogrammetric software 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Review of digital documentation and 3D heritage recording 

Page 60 

6. 3D coloured mesh as the final product. The final model can be output as a pointcloud 

or TIN (Triangulated Irregular Network in a number of file formats: VRML, PLY or 

polygon mesh being preferred) with a high resolution and colour calibrated texture 

map. 

1)             2)                3)      

 4)        5)       6)   

Figure 2.27 Single image photogrammetry from an Egyptian cartonnage mask  (UC45849) from UCL 

Petrie Museum of Egyptian Archaeology.  

 

In this research, digital close range photogrammetry with single, stereo and multiple-views has 

been used. The equipment consists of one or two calibrated digital SLR cameras. In an indoor 

environment, lighting equipment can be used, for example, flash lamps with an umbrella and/or 

a ring flash for ambient lighting. The camera and lighting equipment is easily transportable to 

the museum for imaging fragile objects. An advantage of photogrammetry is the option of 

correct colour recording of a surface at high resolution. If the operator is a professional 

photographer, they should already have knowledge of image exposure, lighting, scene 

illumination and colour calibration. As camera sensors are capable of delivering high-resolution 

colour images, photogrammetry is ideal for the documentation of current condition and damage 

on the surface of the artefact, enabling the visualisation of details of the order of 10-50 µm 

(microns).  

The 3DPetrie project has successfully used the outputs of this workflow for the creation of 3D 

models from objects that too fragile to leave the museum or the building (Figure 2.28 to Figure 

2.31). These models have been used in interactive applications and a web-based 3D image 

library, (3DPetrie team et al., 2014) and (3DPetrie, 2014a). 
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Figure 2.28 Preparation of Egyptian mask for single 

image photogrammetry. (Same object as Figure 

2.27 above). 

 

Figure 2.29 Egyptian Cartonnage Mask from Single 

image photogrammetry  in an interactive museum 

application A modern make over at the Petrie 

Museum. 

 

Figure 2.30 Two Egyptian foot cover fragments  

from the Petrie museum in an interactive museum 

application Connecting the Past , image with multi-

image photogrammetry. 

 

Figure 2.31 Visiting students playing with the 

interactive museum application  A Modern Make 

Over in the Petrie museum. 

Photogrammetric Multi-view Stereo (area-based recording) 

 

Figure 2.32 Example of stereo-photogrammetry on the Metric Test Object, with colleague A. 

Hosseininaveh. a) Preparation of recording. b) Test object during recording. As the object is without 

colour textures the automatic detection of discreet points is difficult. The recording and subsequent 

computation of the 3D surface was enabled by pattern projection and two scale-bars. 
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For this project the Metric Test Object was imaged with stereo photogrammetry and a method 

developed by Hosseininaveh (Hosseininaveh Ahmadabadian et al., 2012). The 

photogrammetric Multi-view Stereo method achieves accurate and dense 3D reconstruction of 

both cultural heritage and industrial objects. To aid recording of surface features, a structured 

colour pattern (showing gravel) was projected onto the test object (Figure 2.32a and b). A set 

of calibrated scale bars were installed next to the test object for the correct adjustment of scale. 

Similar to the method presented in (Ali Hosseininaveh Ahmadabadian et al., 2013), after 

geometrically correcting the images (known as image undistortion), corresponding image 

measurements were extracted from the network and used to compute approximate 3D 

coordinates in Bundler (Snavely et al., 2008). A photogrammetric network adjustment, using 

the relative orientation parameters of the stereo camera as geometric constraints was then 

computed to estimate the length of the stereo baseline within the network. This length was 

compared with the calibrated baseline to estimate a scale factor, which was then applied to the 

camera locations and 3D coordinates. After resolving the scale, this data was input into PMVS 

(Patch based  Multi-View Stereo) processing software to generate a dense pointcloud. The 

outcomes of this imaging were presented at the ISPRS conference (Hess et al., 2014b). 

Further research for automated image selection and robotically automated photography is 

ongoing at UCL (A. Hosseininaveh Ahmadabadian et al., 2013) and (Sargeant et al., 2013). 

Multi-image photogrammetry: Structure from Motion (SfM) (area-based 

recording) 

Structure from Motion (SfM) uses the principle that movement through a scene allows an 

understanding of the shape of the scene in three dimensions, in the same way as walking through 

a room allows one to visualise the space and objects placed within it. In SfM this is represented 

by a series of systematic viewpoints; overlapping photographs taken from different angles 

around the object (Figure 2.33 and Figure 2.34). The recording principle is single image 

photogrammetry and the reconstruction of the 3D model uses the same steps of a 

photogrammetric workflow with: image recording, orientation through image point 

measurement and bundle adjustment, measurement and analysis based on internal and external 

geometry, possibly image masking, with an output of a coloured pointcloud or coloured 

polygon mesh. Workflows include the combination of free software for photogrammetry, or 

licensed but affordable software increasingly tailored for easy use with intuitive user interfaces 

(information about software packages, Appendix 9.3.11).  

Structure from Motion is increasingly used in heritage imaging and archaeology. A successful 

example is the research project at the UCL Institute of Archaeology using comparative 3D 

imaging of faces of Xian’s Terracotta Warriors for morphometric analysis and manufacture 

analysis, which has led to new insights about the Terracotta Army (Bevan et al., 2014).  Another 

example of imaging using Structure from Motion of an archaeological site is Amara West by 

Susie Green in collaboration with the British Museum. On her website she gives a detailed 
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description of the reconstruction process using Bundler and PMVS2 and CMVS (Clustering 

Vies for multi-view stereo) (Green, 2013). 

Projects for 3D imaging are can also be crowd-sourced with involvement of the public, such as 

in the National Recording Project in Sussex, supported by the University of Brighton, for the 

3D imaging of public sculptures in Sussex, (University of Brighton, 2009) and (Kaminski et 

al., 2012). The MicroPast project is also using public help to mask photographs from SfM for 

the computation of 3D models of museum objects, supported by the British Museum and the 

UCL Institute of Archaeology (Bonacchi et al., 2014). 

Excellent results from SfM have been obtained for finely manufactured objects with 

challenging surfaces, such as a metal Islamic artefact from the Courtauld Institute of Art, 

imaged with SfM and VisualSFM by John Hindmarch (L. MacDonald et al., 2014).  

Another advantage is the opportunity to reconstruct historical contexts retrospectively from 

photographic images, for example the 3D reconstruction of the façade of the Abu Simbel 

Temple by 3D-Coform from historic photographs (3D-Coform, 2012d). Likewise, Structure 

from Motion enables the reconstruction of 3D spaces or objects from variety of camera types 

and camera angles, for example from crowd sourcing. 

 

 

Figure 2.33  Structure from Motion for 

Metric Test Object at RBINS / Belgium.   

 

Figure 2.34 Image network with surface computation 

from Structure from Motion  for the Metric Test Object 

at RBINS / Belgium. The Metric Test Object is on a 

turntable and evenly lit from all sides. The operator is 

moving the object around its axis and shooting images 

with a remote control from a camera in fixed position. 
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Summary and advantages of photogrammetric techniques 

All of the photogrammetric measurement techniques have the following advantages that make 

their use attractive for heritage imaging: readily available equipment (camera and lighting), pre-

existing expertise in photography within documentation labs in heritage institutions and freely 

available software. The visual output of photogrammetric techniques includes high resolution 

geometry and high colour-fidelity with a known colour calibration pipeline. The transport of 

equipment to the museum or on-site (for example an international archaeological excavation) 

is relatively easy and often feasible which is useful for the recording of objects that cannot be 

moved or are fragile. Consumer cameras are routinely transported internationally and do not 

pose a problem for customs. Guidelines for recording on-site are given by the well-known ‘3x3 

Rules for Simple Photogrammetric Documentation of Architecture’ (Waldhaeusl and Ogleby, 

1994), relevant also for the documentation of large scale objects. A practical guide for 

palaeontological photogrammetry is presented by (Mallison and Wings, 2014). While adapted 

close range SfM guidelines for object recording are given by software producers, scientific and 

user based guidelines for close range object recording in heritage institutions is still desirable. 

There are also some caveats: imaging activities need to be well planned to cover all necessary 

geometry, occlusions must be taken into consideration. No direct feedback about the surface 

record is visible on-site before computation. Scale is a key factor to scientific recording and 

care must be taken to include known length in at least two axes, by scale bars, targets or 

measurements of feature points, so that the model can be scaled 1:1. Processing time is longer 

than on-site recording, and a large percentage of this is computational time.   

Even though freeware is increasingly available and popular, image processing for Structure 

from Motion Photogrammetry is characterised by automated processes, which do not allow user 

control and an absence of numeric feedback about calculations (e.g. calibration quality 

parameters, quality of alignment) or quality indicators of metric accuracy. While 3D models 

are often good visual representations, these outcomes do not produce scientifically traceable 

3D image quality.   

Range camera / consumer grade sensors (area based) 

Consumer grade sensors, also known as Kinect-type cameras with a motion-detection sensor, 

are available in the gaming and entertainment market and are presented with a Natural User 

Interface (NUI). They achieve real-time recording and direct feedback of a person’s movement 

and hand gestures. Examples of these sensors, integrating chip technology by market-leader 

Primesense, are Microsoft’s 1st generation Kinect (Microsoft, 2015) and ASUS Xtion (Asus, 

2015). In the not too distant future these sensors will be built into mobile phones, and will 

provide everyone with a basic 3D scanner in their hand (Google Tango and iPad integration 

(Google, 2014). 

The versatility of this type of sensor and its wide circulation has triggered the programming of 

user-friendly applications for 3D distance sensing. The recording principle can be described as 

structured light using a fixed pattern projection (speckle dot projection) in the near-infrared 
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wavelength. Depth information is recorded through a triangulation based near-infrared depth 

sensor. An additional RGB camera allows the recording of colour and some texture mapping 

onto objects and spaces. While the pixel resolution is low (640 x 480), the frequency of 

recording is high at about 30-60Hz. The camera records triplet information for a pixel: a two-

dimensional set of coordinates and the distance of the object from the camera. The recording 

range is about 1-6 metres, and the accuracy of these sensors is +/- 6.0mm on the recorded 

surface. This range noise is a known factor, as the camera was not originally intended for metric 

imaging but for motion detection of a person. More details about these sensors are described in 

(Luhmann et al. 2013, Sections 3.7.3 and 5.6) and details of the verification procedures for these 

sensors are discussed in (Boehm, 2012).  

The advantages of such a sensor are obvious. The sensor can be used by walking around a room, 

with a person or object captured in real time, i.e. it generates an immediate 3D scene. This 

consumer grade sensor (also called low-cost 3D) produces compelling coloured 3D models that 

can immediately be shared over the web. These 3D images are useful for visitor engagement or 

quick visualization, and, after processing, could be transformed into a closed surface for 3D 

printing. An example is the 3D scanning of the UCL Auto-Icon of Jeremy Bentham, which is 

taken out of its display case for cleaning only once a year (Figure 2.35 and Figure 2.36). A 3D 

scan was taken of his bust using a consumer grade camera, and further work at UCL 3DIMPact 

including considerable 3D editing have produced 3D prints of the bust, which has caused 

considerable interest in the production of merchandise (Jones, 2012).  

However, the 3D images fail to record sufficient surface detail and will most probably not 

satisfy the requirements of a research- or museum- grade model. Often the texture is more 

detailed than the underlying geometry and due to incomplete and incorrect capture of details. 

The editing of the geometry is necessary before any 3D printing is possible. While this 

technology might not be suitable for small objects, it can be useful for larger volume recording, 

i.e. from 1 to 6 metres. This technology has also been trialled in the field. The Agora3D project 

recorded an archaeological site during excavation in the Scladina Cave (Belgium) from the 

Middle Palaeolithic (Figure 2.38). The comparison between Structure from Motion and 3D 

low-cost scanning the level of noise was acceptable for the purpose of recording a wall at the 

excavation (Mathys et al., 2013).  

A low-cost 3D scanner has also been used for the recording of the Metric Test Object (Figure 

2.37) and for a case study object from UCL Ethnographic Collection (Section 5.2.1). 
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Figure 2.35 Consumer grade 3D scanning of Jeremy 

Bentham’s Auto-Icon. 

 

Figure 2.36 3D model of Jeremy Bentham’s Auto-

Icon.  3D model after smoothing the geometry in a 

post-processing step. 

 

Figure 2.37 Consumer grade 3D scanning of the 

Metric Test Object.  The software Gotcha system 

by 4DDynamics is using an Asus sensor. Recording 

at RBINS. 

 

Figure 2.38 Consumer grade 3D recording for 

archaeology at the site of the Scladina Cave. Aurore 

Mathys from Agora3D using the Gotcha System by 

4DDynamics described in (Mathys et al., 2013). 

RTF (Reflectance Transformation Imaging) or PTM (Polynomial Texture 

Mapping) / (area based recording, one axis – multi-light position) 

The re-lighting method PTM (Polynomial Texture Mapping, hereinafter called 2.5D) was first 

developed by Hewlett Packard Research Laboratories (Malzbender et al., 2001) and 

immediately identified as a potential tool for cultural heritage imaging. These photography 

based technologies do not record the 3D surface directly but rather, enhance the viewing of 

artefacts. Reflectance Transformation Imaging (RTI) is a computational photography technique 

that captures a subject’s surface shape and colour and enables the interactive re-lighting of the 

subject from any light direction seen from one top-down point of view. In mathematical terms, 

PTMs store the coefficients of a second-order bi-quadratic polynomial per pixel. This 

polynomial is used to model the changes that appear to a pixel’s colour based on user defined 

parameters, typically parametrization of light source direction (Mudge et al. 2008, Section 3 ).  

Starting from a set of photographs acquired with a fixed camera under varying lighting 

conditions, RTI encodes the acquired data in a compact way, using view-dependent per-pixel 
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reflectance functions, which allows the generation of new images using any light direction in 

the hemisphere around the camera position (Palma and ISTI-CNR, 2014). 

There are multiple parallel developments in the construction and usage of transportable domes. 

Data from the Minidome developed by KU Leuven is evaluating data with photometric stereo 

and can be interrogated not only via image filters but measurements and profile generation of 

objects are also possible with some small limitations (University of Leuven, Belgium, 2008, p. 

32) (Tingdahl et al., 2012). Software can make 2.5D (i.e. PTM relighting data from one 

viewooint) and 3D data available via the web (VISICS Group KU Leuven, 2014). The recently 

developed Microdome is specialized for book scanning and for imaging very small objects 

(Vandermeulen, 2014). Similar developments based on computer science and metrology have 

been made at the University of Southampton (Graeme et al., 2010). An ongoing AHRC project 

is  seeking to improve the technology further (CHI and Earl, 2013).  

UCL 3DIMPact has developed a dome with a 1m diameter (Figure 2.41) and has published 

extensively about the technique (MacDonald and Robson, 2010),and the dome can compute 

very high resolution surface 3D pointclouds with a resolution of 5 microns (Lindsay 

MacDonald et al., 2014). Recording in the dome enables reproducible lighting and therefore a 

controlled environment. This can potentially be used for the monitoring of colour and surface 

changes. The fixed dome variant of RTI is now used by the London National Gallery and British 

Museum, as well as the Museum of Modern Art, New York. Figure 2.40 to Figure 2.41 shows 

the fixed dome RTI imaging of Petrie objects at the UCL Geomatics Lab. 

A further variant is the mobile and easily transportable Hightlight-RTI (H-RTI) that can be 

taken on-site and is used with a fixed camera and a moving flash light. The reflections of the 

flash on a highly polished black sphere, such as a black billiard ball, are recorded, and the 

position of the light in the images can then be mathematically reconstructed. The use of this 

equipment and software is now taught worldwide, and this technology is accessible to museums 

and the public at an affordable price (Mudge et al., 2006). The advantage of RTI is its 

portability; it can be conducted at remote sites and museums with a comparably small amount 

of kit (Figure 2.44).  

 

 

Figure 2.39 PTM image of Petrie UC35502, inscribed greywacke fragment. Object under different lighting 

conditions in the viewer software including raking light and with specular enhanced filter (right). PTM by 

author. 
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Figure 2.40 Plan and section of PTM dome. 

Imaging principle for the fixed light PTM at UCL. 

(MacDonald, 2010). 

 

  

 

 

Figure 2.41 Placing an object under the PTM dome.  

by a conservator from the UCL Petrie Museum with 

inscribed greywacke stone. 

 

Figure 2.42 Closed PTM dome. Flash diodes arrays 

are visible on the outside and are triggered by the 

operator, while images are simultaneously taken with 

the camera installed in the middle on top of the 

dome. (right) 

 

Figure 2.43 KU Leuven Minidome imaging the 

Metric Test Object. 

 

Figure 2.44 Highlight RTI setup on archaeological site 

in Qubbet el-Hawa, Aswan. (Piquette, 2012) 

The outcome of RTI recording is a high-resolution interactive image that can be viewed by 

relighting, as if shining a virtual torch onto the object. This makes it useful for the viewing of 

shape, reliefs or writing on objects. The image shows the object from one direction only (i.e. 
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you cannot tumble it to the side), is zoomable, and a pointer can be guided over the image to 

change the light, in order to highlight and inspect surface features and geometries that might 

not have been apparent at equal ambient lighting. Additional image processing filters, like 

specular enhancement, can be helpful for interpretation as it enhances the contrast of shadow 

and light (e.g. for epigraphists).  

The advantages of RTI/PTM are similar to digital photogrammetry, where the camera and 

lighting equipment might be already present in the institutions, training and a small amount of 

additional kit allows the operator to start recording surface features and colour of an artefact. 

RTI and PTM strike a chord with cultural heritage professionals because it balances cost and 

adaptability (different lenses on the cameras), while at the same time providing high-resolution 

and high-colour fidelity interactive images. However, while it brings out details on museum 

artefacts sometimes not easily seen with the naked eye, it does so only from one viewpoint. 

Therefore, this technique will also be called 2.5D in this research from here forward.  

In this research, the UCL PTM dome has been used to image a wall painting fragment for user 

testing (Figure 3.56 to Figure 3.59). During the research stay in Belgium, the Metric Test Object 

was also imaged with the Leuven Minidome, but 3D data has not been obtained. 

Structured light projection: 3D imaging systems based on triangulation (area 

based, multi-image recording) 

A 3D recording technique, which is very popular with heritage institutions, is structured light 

projection. The recording principle is illustrated in Figure 2.45. The most common examples 

include either a single camera and pattern projector or two cameras and a projector where dots 

or fringes are used to illuminate the surface (Figure 2.48). Reconstruction of the imaging 

geometry and the imaged patterns allow 3D surfaces to be estimated from the observed 

distortions in the dot patterns or fringes. The most accurate systems are those, which have been 

optimised for the measurement of manufactured surfaces. Measurement capabilities are 

dependent on the surface area to be measured, but typical devices are able to record areas of 

0.5m x 0.5m to the order of 50 microns (0.05mm). As with laser scanning systems, devices are 

highly dependent on the optical properties of the surface to be measured.  

Instead of recording only one image, a sequence of fringe patterns is projected and recorded. 

The main advantage of this technique results from the fact that it allows a very accurate 

calculation of the fringe positions (phase map) and thus of the 3D coordinates for each camera 

pixel, completely independent from all adjacent pixels. Moreover, phase-shifting techniques 

allow the user to separate the projected light structure from the texture of the object. They also 

provide a contrast image, which can be used for estimating the reliability of the calculated data. 

The main disadvantage of fringe projection techniques is the number of patterns, typically about 

10, that must be projected onto the object and recorded. These techniques offer the highest 

spatial resolution, however, they are not sharp in time (Bathow et al., 2010b).  
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Figure 2.45 Recording principle of structured light scanning  a line-projection system consisting of digital 

projector and digital camera. (a) ‘Graycode method’ (b) ‘M – projection or working range’. Graphic after 

(VDI/VDE 2617-6.2 2007, Section 3.3.1) 

The quality of the structured light projection depends on the following parameters: field of 

view, camera resolution, surface material and specularity. An advantage of the use of 3D 

imaging with pattern projection or structured light is that the kit can usually be transported 

easily to the site or museum. It is also flexible with various fields of views can be recorded with 

a single sensor through changing elements, either camera lenses or by varying the baseline, i.e. 

the distance between the projector(s) and camera. A further advantage is the speed of recording 

for one 3D record, the projection of all patterns lasts only about a second. This enables its use 

in domains such as the scanning of actors’ faces for the entertainment industry. While structured 

light sensors are limited by pixel count, data density and range resolution, they usually deliver 

sub-millimetre sampling of the surface. 

The speed and flexibility of the system make it quite versatile. Examples for successful use go 

from small object documentation up to heritage buildings and recording under extreme 

conditions. Such challenging 3D recording tasks in low temperatures and weather, tackled with 

a Breuckmann SmartScan by (Aicon 3D Systems, 2014). Details are described in the 3D 

scanning of Shackleton’s hut on the South Pole (Bathow and Wachowiak, 2008), the 3D 

scanning of deerstone in Mongolia, and of Hadrian’s Temple in Ephesus with additional 

measurement control through survey, (Quatember et al., 2013) and (Bathow and Breuckmann, 

2011). The same fringe projection system (Figure 2.47) has been used to digitise selected 

objects from the Victoria and Albert Museum, London with the 3D-Coform project. The 

combination of projection and photographic cameras has the advantage of collecting high-

resolution textures alongside the surface geometry of the object. The texture quality is 

particularly dependent on good lighting, and the expertise of photographic staff clearly 

improved the outcome of the 3D scans in this project (Stevenson et al., 2012). 

However, this technology is limited by the available ambient light. Recording is usually 

undertaken at night or in a dark room. If a system is transported, or any variable, such as the 

lens or the distance between elements, is changed, a new calibration is necessary. This 

calibration should be correctly performed by a trained operator otherwise the 3D scan data 

quality will be lower than expected. Systematic errors of 3D recording, such as range errors 
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producing an artificial relief from highly contrasting surfaces are a known issue that needs to 

be corrected for (details in 2.3.5). For conservation use, the presence of UV light in the 

projectors needs to be checked, so that any deteriorating influence on organic material can be 

excluded. 

For this research two fringe projection systems have been used (Figure 2.46 and Figure 2.48) 

at a demonstration at 4DDynamics headquarters on the Metric Test Object of this research. (4D 

Dynamics Bvba, 2014). 

 

Figure 2.46 Example for structured light scanning: 

Mephisto EX-Pro and EOS (4DDynamics). The D-SLR 

camera (middle, EOS system) can be swapped over to 

the higher-resolution machine vision camera (right, 

EX-Pro system) to communicate with the projector.  

 

Figure 2.47 Example for structured light scanning. 

Aicon3D / Breuckmann SmartScan with 

Terracotta Warrior. Image courtesy of Aicon 3D 

systems. The system presents (Aicon 3D Systems, 

2014) 

 
 

Figure 2.48 Examples for two grey phases used in Structured Light Projection on the example of the Metric 

Test Object. (EX-Pro 4D Dynamics). 

Line-based triangulation 3D laser scanning 

For medium size objects (defined for this project as objects between 50cm and 600cm), a scan 

head with a triangulation system that emits a laser line is often used. The triangle is formed 

between a laser line projection, an optical sensor with a fixed distance to the laser projector and 

test object, and a known angle for the emitted laser line (Figure 2.49). The projection of a laser 

line is produced by widening a single laser beam using a cylindrical lens so that if forms a light 

curtain on the object’s surface. If the system is in a fixed position, the laser line can also be 

guided over the object by a deflection mirror. The projected laser line is deformed as a function 

of the distance to the object. The system measures the two-dimensional projection of the laser 

line on an object, using a CCD sensor matrix to calculate a 2D profile. The resulting data is a 
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scan line ordered 3D pointcloud. The quality of the data depends on the object's surface and can 

be adapted by varying laser brightness and using software filtering parameters according to the 

object’s properties. Densities of pointclouds go up to a point spacing of 0.2mm with an accuracy 

of 20 microns. The description of this recording principle has been based on (VDI/VDE 2617-

6.2 2007, Section 3.2.1) and (Luhmann et al., 2013, sec. 3.7.1.1). A comparison with other 3D 

imaging technologies techniques will be summarised in Section 4.12. 

 

Figure 2.49 Recording principle for laser light-section. Graphic 

after from (VDI/VDE 2617-6.2 2007, Figure 6) 

 

Line based laser triangulation sensors need to obtain a location for the automatic alignment of 

the laser lines in lateral direction of movement. This can be achieved in three ways: 

1. Optical tracking by a CMM (Coordinate Measurement Machine) (Figure 2.50 

and Figure 2.51). 

2. Mechanical tracking  

a. Through an arm-based CMM with 6 degrees of freedom (or robotic, 

Figure 2.54 and Figure 2.55). 

b. Or moving deflection mirror (paired up with turntable for different 

positions, Figure 2.56, Figure 2.57) 

c. Or one or more translation stages. 

3. Self-locating scan head through irregularly placed targets on the surface of the 

object (Figure 2.58). 

1. Example for optically tracked CMM solution 

An example of a successful use of the optically tracked solution of a 12m long canoe in which 

the author of this research was involved. The object was 3D scanned by a handheld Nikon 

MMDx handheld sensor in multiple positions, which was optically tracked by a mobile CMM 

- Krypton K610 (K-CMM) with three synchronised linear camera units. A number of infrared 

LEDs built into the handheld scan head housing are accurately tracked by the K-CMM via 

triangulation. Tracking of the scan head delivers position and orientation in real time, enabling 

the operator to freely walk around a medium size object and efficiently acquire surface scans of 

the measurement object. The practical tracking volume of the K-CMM camera is approximately 

5m x 5m x 3m. 
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The scan head is a laser triangulation system that emits a laser line. To calculate the 3D position, 

the system measures the two-dimensional projection of the laser line (class IIIa) on an object, 

using a CCD camera with an angle of 30º to the laser plane. The CCD camera in the scan head 

registers the reflection of the projected laser line on the object’s surface. The width and depth 

of field is 50mm, the specified accuracy is 0.015mm RMS, at a stand-off (distance to the object) 

of about 100mm. The scan head outputs up to 19,200 points per second. By slowly moving the 

scan head parallel to the object surface, scan stripes with a point density of 0.4mm x ca 1.0mm 

can be recorded. The large volume accuracy of the measurement system is ensured by including 

calibrated length bars within the scan volume. In our case, this is carried out using a modified 

Nikon K-Reference Bar.  

The successful project, the 3D imaging of a 12 metre long war canoe from the Solomon Islands 

in a British Museum storage facility, has been described in a conference paper (Hess et al., 

2009) and a book chapter (Robson et al., 2012). More details about the aims and outcomes of 

the project are can be accessed in Section 5.2.2. 

  
 

Figure 2.50 Metric Test Object 

scanned with an optically tracked 3D 

laser triangulation scanner. Nikon 

MMDx handheld sensor with a 

Krypton K-Scan mobile CMM.  

Figure 2.51a and b Example for the use of an optically tracked 

3D laser triangulation scanner. The handheld Nikon MMDx 

handheld sensor with a Krypton K-Scan mobile CMM is used 

on the 12 metre long British Museum war canoe. Left: Scan 

head, middle: mobile CMM tracking the scan head, right: 

overview equipment. 

2a. Example for mechanically tracked solution (arm based or translation stage) 

 

Figure 2.52 Example for a laser line scanner with 

movement via a translation stage. Lucida scanner, 

laser line and two cameras, achieving 50microns 

point spacing aimed at conservation (Factum Arte 

and Franqelo, 2015). Image: FactumArte 

 

 

 

Figure 2.53 Digitisation of the Hereford Mappa with 

the Lucida laser line scanner.(Factum Arte and 

Franqelo, 2015). Image: FactumArte 
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Figure 2.54 Example for arm based orientation 

for the 3D laser line scanner (Zephyr). Arm-

CMM is a model Baces. 

 

 

Figure 2.55 Example for arm-based orientation of 

scan head, use on the Metric Test Object. 

2b. Example for mechanical solution: mirror moving the scan line over the object 

in combination with a turntable 

 

Figure 2.56 Laser line scanner with 

mechanical orientation,mirror movement 

of laser line over the object. Model: 

Medium priced Nextengine laser scanner. 

 

Figure 2.57 Example for usage of Laser line scanneron 

Metric Test Object with mechanical orientation, mirror 

movement of laser line over the object. Model: Nextengine 

laser scanner (turntable not used). 

2. Example for self-orienting handheld line scanner 

Self-orienting handheld scanners might require specific targets on or around the object to be 

scanned (Figure 2.58). For museum objects, the application of targets onto the object should be 

avoided. The example in Figure 2.59 shows the 3D handheld scan of a live horse. The 3D model 

for Martin Wallingers project ‘Horse of the South’ was produced by the company Sample&Hold 

in connection with Photogrammetry at UCL CEGE, Prof Stuart Robson. A 3D reproduction 

was unveiled on the Mall in London (Chalchraft, 2013). An affordable laser line scanner is also 

available for self-build by (David 3D Solutions., 2014). 
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Figure 2.58 Example of self-orienting handheld 

scanner via reflective target constellationon the 

Metric Test Object. 

 

Figure 2.59 3D scanning a life horse with a self-

orienting handheld scanner.(Sample & Hold and 

Cornish, 2014). 

Summary for line-based triangulation 3D scanners 

A handheld scan head guided around the object is used intuitively, as if the user was virtually 

painting a line over the object surface from all sides. The operator guides the laser line of the 

scan head over the surface, slowly and at consistent distance and can often walk freely around 

the object. The equipment can be employed for 3D recording of larger objects up to 15m using 

handheld laser scanner designed for portable metrology applications. The optically tracked 

scanning system is ideal for on-site 3D digitizing in indoor environments. Depending on the 

model, especially the self-orienting handheld 3D laser line scanner, the system is easy to carry. 

Systems in connection with either an arm-based or an optical CMM tracking are less easy to 

transport. Prices range from medium to high, as they are often used for metrology applications.  

There are many successful applications of high-end and consumer-grade 3D laser line scanners 

in different disciplines. The lower cost and often more portable 3D scanners, which are good 

value for money, are often used by biologists, anthropologists and palaeontologists to conduct 

morphometric comparisons (Sholts et al., 2011). Handheld scanning can be used in combination 

with photogrammetry.  

For all systems, good training and knowledge of measurements is desirable to produce 

scientifically traceable results. 
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Point based triangulation scanning 

 

Figure 2.60 Schematic drawing of mirror based triangulation 

measurement system.(Barber et al., 2011, p. 8). 

 

Figure 2.61 3D colour laser scanner using 

the auto-synchronized principle using a 

scanning mirror and the Schleimpflug 

condition (Blais et al., 2008, sec. 2) 

 

3D point-based laser scanning is also based on the principle of triangulation and is very similar 

to line-based recording as illustrated as in Figure 2.49. The difference is the direct recording by 

a pulsed laser beam moved by a rotating mirror with known speed. Its reflection on the object 

surface is recorded by a CCD sensor camera system as separated points synchronized with the 

laser pulse (Figure 2.60). A known distance between the three elements of laser emitter, object 

and optical system allow triangulation to determine the object surface geometry. The limiting 

parameter for point-based systems is the size of the laser dot on the object, and the object surface 

properties. Further known errors are also explained in detail in 2.3.5. 

The point-based technology from Arius Technology is metrology equipment, illustrated in 

Figure 2.61. This principle of synchronized recording of surface geometry and surface 

properties (colour and BRDF) with a polychromatic laser range sensor, called here a 3D colour 

laser scanner, was first developed at the Canadian National Research Council and described by 

(Baribeau et al., 1992). Already then, the systems’ potential for conservation analysis and 

‘datagraphy’ for an ‘electronic museum’ was recognized. The 3D imaging system is continued 

today by Arius Technology (Arius Technology, 2014). 

At UCL, the Arius3D Foundation Model 150 system was installed in an air-conditioned room 

to guarantee the consistent conditions for the lasers and to ensure highest possible measurement 

consistency. The object is placed on a table and a CMM gantry guides the laser scan head 

laterally across it. Multiple paths can be programmed to cover the entire object surface. The 

RGB laser source has wavelengths of 445 nm, 532 nm, and 638 nm. The single mode fibre 

optic projects a white line (additive colour mixture) onto the object. The scan head is able to 

deliver 3D coloured point data at a sampling interval of 0.1mm (~250 dots per inch) at the 

accuracy of the order of 0.025mm over the surface of an object. Object of cross section up to 
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89cm x 50cm can be scanned. The scanner collects 3D geometry information through the use 

of a laser triangulation system, whilst colour is collected by analysis of the reflected light from 

the three RGB lasers. The system has been used in this research to create detailed object 

fingerprints of a range of artefact types and for creating the reference dataset for quantitative 

testing, as the sensor properties are well known and provide a consistent level of geometric and 

colour standardization. It is referred to as SUT1 throughout this research.  

The Arius3D Rover100 portable scanner is the mobile version, with laser wavelengths of 

473nm, 532nm, and 638nm, and has been used to record objects from the UCL Petrie Collection 

of Egyptian Archaeology for the 3DPetrie project (3DPetrie, 2014a). It was used in a space at 

the museum to minimise the need to transport objects. A newly developed system, the 

Identik300L has been donated to UCL SEHA and UCL CEGE and was installed in January 

2015. Tests on this improved system with even higher resolution are future work.  

 

 

Figure 2.62 Arius 3D colour laser scanner on CMM gantry (Arius Technology) at UCL.  Right: 3D 

scanning the Sepik Yam Mask of the UCL Ethnographic Collection 

 

Figure 2.63 Arius 3D Rover 100 colour laser scanner (Arius Technology). 

 Processing workflow following recording for 3D imaging  

After successful 3D data acquisition through one of the imaging technologies described in 

Section 2.3.3 above, the aim is to produce a digital 3D surrogate of the artefact with the closest 

possible fidelity in both metric and colour information to the original artefact, in a digital format 

that is fit-for-purpose. The EPOCH project has summarised the aim of processing as follows: 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Review of digital documentation and 3D heritage recording 

Page 78 

‘The digital surrogate is the closest fidelity to the actual object that can be achieved digitally 

and theoretical representations for other purposes might be extracted from the surrogate.’ 

(Arnold and Geser, 2008, p. 63).  

The software and processing workflow slightly varies for each different 3D technology, and the 

processing steps and digital output data depend on the specification of the scope of 3D imaging 

dictated by user requirements and target audience (step 1 in Figure 2.64, examples Section 1.1). 

Processing (i.e. the computational manipulation of the 3D data) entails the preparation of a fit-

for-purpose model, involving initial selection of the artefact the acquisition of the raw 3D data, 

digital transformations and alignment, further 3D calculations (processing) and publication of 

the 3D model. The workflow routine is illustrated in Figure 2.64. The photogrammetric 

workflow to create a 3D surface includes image recording, image measurement, 

orientation/calibration, simultaneous reconstruction by bundle adjustment and post-processing  

(Luhmann et al., 2013, sec. 3.2.1). 

Alignment of 3D image data 

In workflows for direct surface acquisition, such as 3D laser scanning, alignment of all single 

scans into a common coordinate system is necessary to form a complete object in the round 

(step 3 in Figure 2.64). The alignment can be achieved using a variety of different methods, and 

the mathematical model of the procedure is explained in depth in (Luhmann et al., 2013, sec. 

2.2.2.2.).  

 Alignment using geometric features, such as spheres and planes. Plane-fitting or 

sphere-fitting is performed with parameters (defined Sigma, constrained / 

unconstrained / different fitting strategies: Gaussian, Chebychev). If features are known 

and identifiable, the registration or spatial similarity transformation, can be done by  

o 3-2-1 method (Luhmann et al., 2013, p. 343). Uses common geometric points 

and a rigid body transformation without change of scale (as demonstrated with 

the Metric Test Object, Section 4.7.1) 

o Overdetermined coordinate transformation using least squares such as three 

centroid to centroid fitting (xyz to xyz). Three point alignment is a well-

established technique used in many common software platforms and has been 

used in this research (Section 4.7.1) 

o Quality control for this alignment is numerically traceable. Target features and 

check points are analysed to see if deviations are commensurate with the known 

specifications of the sensor 

 If no, or limited, geometric or reference objects are available alignment is achieved via 

common surface features using mathematical fitting by the ICP (Iterative Closest Point) 

algorithm defined by (Besel and MCay, 1992), also called (point)cloud to (point)cloud 

fitting. Variants of alignment have been discussed by (Levoy and Rusinkiewicz, 2001).  

In this research, unconstrained datum definition (object coordinate system) by reference points 

is used.  
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Processing 3D data 

The workflow from object selection to final publication of the 3D digital object is illustrated in 

Figure 2.64. While some immediate visual outcomes might be available during the 3D 

acquisition process (step 2) the raw data (primary data) recorded on-site is processed 

subsequently in the office (step 3 and following). This helps to keep on-site and in-gallery 

working time short. Primary data - the pure, unaltered measurement or imaging data, should be 

digitally preserved and treated as an archival dataset to enable later access and re-processing if 

necessary.  

Further processing of the 3D data takes place (step 4) to clean geometry and colour, and to 

produce the final output of a fit-for purpose model (step 5). The processing steps leading to the 

final 3D model (steps 4 and 5) should be carried out with input from a cultural heritage 

professional to make sure that the important key features on the object are not lost in processing, 

and that the model is, in fact, fit-for-purpose. The ratio of 3D recording and processing time 

can be 1:5 or even 1:10. In some cases, the processing work takes significantly longer due to 

various factors: the complexity or incomplete geometry of the artefact, colour editing, inclusion 

of surface specularity, and of course computer capability for handling big datasets.   

Add metadata 

The production of metadata, or descriptive data of the recording process of an artefact, is 

intrinsic to any method and device used. Additionally to the artefact information held by the 

collection management database, the planning and process is always present and produces 

‘digital provenance’ metadata at every stage.  

Project metadata annotation is added to the model to establish digital provenance (step 6), but 

is unfortunately oftentimes neglected due to time issues. The planning for metadata recording 

should be included in projects from the initial planning stage.  Suggestions for an ideal metadata 

set will be given in Section 5.1.5, and in more detail in Appendix 9.4.  

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Review of digital documentation and 3D heritage recording 

Page 80 

 

Figure 2.64 Detailed workflow from selection to publication of a 3D Model.  

For multi-view photogrammetry or 3D recording from multiple positions around the object. Please read 

from top to bottom.  

  

•Object selection by curator/ conservator

•Conservation assessment of object before 3D 
imaging

•Determine specifications: define user 
requirements in collaboration with 3D imaging 
technician

•Prepare metadata recording 

1. Select and assess 
object(s)

•Select 3D imaging sensor (choice of imaging 
methodology according to geometry and colour 
requirements and object properties)

•Acquire 3D raw data  of object

•Output: multiple clouds of 3D points/ 3D mesh

2. Acquire 3D image 
data

•Alignment by common surface geometry points 
or targets

•Mathematical fitting based on surface similarities 
(ICP algorithm)

•Output: single point cloud with overlapping areas 
and data of varying degrees of quality

3. Register data 
together / Alignment

•Processing according to project purpose(e.g. for 
optimal visual effect)

•Edit geometry and colour to improve the quality 
from raw data set 

•Output: full resolution 3D coloured point cloud

4. Process data

•Output: convert to triangles (TIN) with texture 
map/ colour per vertex/ NURBS model/ polygon 
model

•Produce derivatives: Filter data, enhance the 
colour, or segment the data into structures

•Adapt data for final purpose; e.g. web delivery, 
education and exhibition

5. Convert data into a 
'fit-for-purpose' 

model

•Collection information about the object

•Add digital provenace: collection information of 
the physical object, and of 3D imaging and 
processing including hardware and software

•Save information alongside all stages of 3D data

6. Record Metadata of 
all previous stages

•3D image (gallery) on the web

•Interactive Applications

•Share information between institutions

•Create physical replica/ 3D print

7. Publish
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 Systematic errors in 3D imaging 

When dealing with 3D imaging the operator must be aware of the difficulties sensors have with 

particular surfaces or materials. Similar to photography, glossy or shiny objects are very 

difficult to record due to light scattering and overexposure of the optics. The results are hotspots 

and holes in the surface geometry, which can be overcome by 3D recording the object from 

different sides, or coating it to make the surface ‘collaborative’ with the 3D scanner.  

Translucent materials, such as ivory or marble, also pose problems and produce systematic 

errors due to subsurface scattering. An engineering term, which describes these known 

systematic errors, is (data) artefacts. In the context of digital media, this means noticeable 

distortion due to the application of lossy data compression. This applies to digital photography 

as well as video, or faulty 3D image data recording or display. 

Known errors for imaging based on full-sensor recording and specifically for photographic 

systems are: 

 Aberrations: (chromatic and spherical aberration) 

 Astigmatism and curvature of field, light fall-off and vignetting 

 Distortion (radial and tangential) 

 Laser speckle is a result of coherent light being reflected by a surface whose roughness 

is comparable to the wavelength of the light. The solid line shows the relationship and 

resolution power between the X and Y axes (direction perpendicular to the laser 

projection) and the physical dimensions of the object to be scanned. The dotted line is 

the laser beam propagation: diffraction of the laser light / laser light collimation.   

Laser artefacts and unwanted imprecision can be caused where the footprint of the beam is 

reflected from two widely separated surfaces resulting in a point erroneously positioned 

between the surfaces generating errors. The laser spot diameter can therefore affect the 

resolution of the finest detail (Figure 2.65).  

Figure 2.66 shows the effect of surface penetration on the laser spot causing size and coma 

distortion. Material translucency can cause problems in calculating the centroid of the 

projected light pattern or laser spot. A significant number of sculptures in collections around 

the world are made of marble and this phenomenon is observed. The subsurface scattering 

of light can shift the measurement position to below the real surface. An assessment of laser 

range measurement on marble surface has been presented by (Godin et al., 2001). Examples 

of other translucent materials in museum artefacts include  alabaster sculptures and wax, 

fibreglass and plastics (Pavlatou and Hess, 2013).  

Figure 2.67 shows systematic errors that change the scan result. Range artefacts created by 

a shift in the centroid of the laser spot due to a step discontinuity, e.g. by surface features 

(Figure 2.67 a). Or range artefact created by a shift in the centroid of the laser spot due to 

colour variations (intensity discontinuity) on the surface of the object. (Blais et al., 2008, p. 

4). The recording of highly contrasting colours, especially black and white, produces an 
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‘artificial relief’. Reflectance changes on a surface can likewise influence measurement and 

lead to missing data or incorrect measurements.  

Figure 2.68 shows the intrinsic uncertainty of an optical 3D imaging system caused by the 

sampling interval of the mirror scanner and laser spot position sensor b) laser spot (Beraldin, 

2009, sec. 3.1). Technical difficulties might arise through faulty calibration or inconsistent 

laser performance. Propagation of errors and deviation in measurement is explained by 

(Beraldin et al., 2000, p. 5), Figure 2.68. External influences during the measurement 

process can lead to lens flare and other errors because of high or changing ambient light, 

where the object under the sensor has difficult surface properties like a glossy and non-

lambertian surface. 

 

  

Figure 2.65  The footprint of a laser beam.  The 

‘foot print of the beam is reflected from two widely 

separated surfaces resulting in a point erroneously 

positioned between the surfaces’ generating laser 

artefacts / unwanted imprecision. After (Bryan and 

English Heritage, 2003) 

 

Figure 2.66 Systematic error: effect of surface 

penetration on the laser spot: size and coma 

distortion. (Blais et al., 2008, p. 4) 

 

Figure 2.67 Systematic errors that created by a shift in the centroid of the laser spot  due to a step 

discontinuity and due to colour variations in the surface of the object 
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Figure 2.68 Intrinsic uncertainty  of a) an optical 3D imaging system caused by sampling interval of the 

mirror scanner and laser spot position sensor b) laser spot. (Beraldin, 2009, sec. 3.1) 

 Test objects or geometric features  

This section reviews work and test artefact use in engineering by other researchers or institution. 

Test artefacts are illustrated in images, and advantages and limitations are discussed. Reference 

objects used by other disciplines than engineering metrology are excluded from this literature 

review, for example phantoms in medical imaging,  

Imaging for engineering metrology uses test objects for optical surface measurements with 

known geometrical parameters and properties for sensor calibration, acceptance testing and re-

verification. A good overview of metrology standards based on VDI2634 and CMM standards 

and insight into test objects has been given by (Guidi, 2013) based on the standard geometric 

features: the sphere, the ball-bar and the plane (Figure 2.69).  

The i3Mainz group (Mainz University) in Germany has investigated laser scanner accuracy by 

geometric features for spatial resolution, such as a target with slots of varying widths for 

resolution tests (300x300m) for Terrestrial Laser scanners, see Figure 2.72 (Boehler and Marbs, 

2005). The National Research Council Canada (NRCC) has reported on traceable 3D imaging 

metrology in a dedicated lab and the use of sensors to measure features, and models or 

measurements that can be visualized and analysed. Beraldin states: ‘The performance may be 

evaluated using quantities like resolution, uncertainty and accuracy with particular attention 

to the effects of object material and local surface features’. (Beraldin et al., 2007). The NRC 

then developed a portable target case (PTC) for metrology which is of particular interest to this 

research (Figure 2.70 and Figure 2.71). The PTC and its nomenclature, parameters and test 

procedures are described in (Carrier et al., 2011) and (MacKinnon et al., 2013), while the 
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mathematical background for hierarchical testing by means of the PTC is described in 

(MacKinnon et al. 2011). 

Specialised manufacturers and manufacturers of 3D imaging equipment are producing fit-for-

purpose calibration test object (Figure 2.75 and Figure 2.77) and institutions are producing test 

objects in order to perform sensor characterisation services. For example, the National Physical 

Laboratory (NPL) produced a FreeForm reference standard with 300mm side length, (Figure 

2.74) designed to aid in the verification of non-contact dimensional freeform coordinate 

measuring systems (The National Freeform Centre at NPL, 2010). The reference object, which 

exists as a large and small version, can be mounted onto an optical table or a goniometric stage. 

It has been recorded in several European and UK 3D imaging labs, including UCL. 

More recently, a research project at UCL has produced reference objects for the evaluation of 

3D optical sensor performance, especially edge detection and measurement in a research 

plasma fusion plant (Joint European Torus – JET) (Figure 2.80). (Robson et al. 2011) reports 

on geometric test objects and features for optical surface measurement in manufacturing 

industry and engineering. The JET test object has been developed for the verification and 

comparison of geometry and spatial resolution produced by 3D optical measurement systems 

(Figure 2.80). It developed a set of highly specific validation objects for nuclear tile inspection 

(Brownhill et al 2009).  

In the following section, the test objects are described in more detail and applicable sensor use 

and limitations are pointed out. If not otherwise indicated, these objects have been developed 

for only one institution and are not commercially available. Most of them are reproducible 

designs. 

 

Figure 2.69 Collection of test objects from 1993. 

Image courtesy of NRC Canada. 

Figure 2.69 shows different test objects from 

the National Research Council Canada 

(NRCC) in 1993. The surfaces of these 

geometries are either sand blasted or are of a 

matte material (spheres). The selection 

includes an angled test object (top right), 

calibrated spheres and cylinders. The 

limitation of these objects is that they are not 

part of a common base plate or coordinate 

system. 

 

Figure 2.70 NRCs Portable target case CAD 

drawing. Image courtesy of NRC Canada – 2012. 

A Portable target case (PTC) for metrology use 

was developed by the NRC. This portable 

target case (PTC) is characterized by a table 

top anodised base plate (with handles on either 

side) in black. The geometric elements on the 

target are made of steel and mounted on the 

black base plate, and vapour blasted to allow 

optical surface imaging. A procedure for 

metrology testing is included with the test 

object. The geometric features are set up for 

testing according to GD&T (Geometric 

Dimensioning & Tolerancing). 
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Figure 2.71 Variation of design of NRCs Portable 

target case.  Image: courtesy of NRC Canada -

2012. 

An advantage of this test object is the large 

number of tests which can be conducted 

through the available geometric features. A 

limitation of the object is its specific design for 

use with only 3D triangulation scanners. 

 

Figure 2.72 Test object by i3Mainz, University of 

Applied Sciences Mainz, Germany – 2005.  Image: 

(Boehler and Marbs, 2005) 

The i3Mainz laser scanner accuracy target 

(Figure 2.72) is characterized by construction 

that is derived from photographic resolution 

tests (Boehler and Marbs, 2005). This object 

can be scaled larger and smaller. While the 

two-dimensional version on paper can be used 

for photogrammetric resolution 

characterization (not shown here), this test 

object can only be used for active 3D sensing 

technologies. 

 

Figure 2.73 Test object by NPL, UK - before 

2010.  Image: courtesy of S.Robson. 

National Physical Laboratory (NPL, UK) has 

produced a collection of geometric features, 

mostly primitive geometries, as shown in 

(Robson et al., 2011). These geometric test 

targets are small, with a sand blasted surface 

treatment. While these features are ideal for the 

testing of form geometry recording, they are 

not part of a common geometric coordinate 

system or base plate. 

 

Figure 2.74 NPLs high precision FreeForm 

reference standard. Image: courtesy of NPL, UK -

2010. 

The NPL FreeForm reference (Figure 2.74) 

designed to aid in the verification of non-

contact active imaging systems. This target has 

a glossy surface and is used for mechanical 

measurements with a touch probe. Concave 

half spheres around the edges create 

registration targets. While this reference object 

can be mounted onto an optical table or a 

goniometric stage, it is not compatible with 

image-based recording strategies due to poor 

surface texture. 
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Figure 2.75 Test object with spheres by GOM  

Image: courtesy of NRC Canada. 

These calibration spheres are produced by 

scanner manufacturer GOM shows metal 

spheres which are used for dimensional re-

verification, and length measurement series, 

mostly by touch probes- CMM (Figure 2.75). 

While these tooling balls or spheres are ideal 

for form geometry testing with touch probes, 

they are metal with a glossy surface and can 

therefore not directly be used with optical 

sensors for geometric testing. They would need 

to be surface treated or coated for use. 

 

Figure 2.76 Probe spheres for characterisation.  

Image: Bal-Tec. - 2015. 

Figure 2.76 shows a set of commercially 

available characterization spheres for CMM 

tests through Bal-tec (Bal-Tec, 2015). These 

spheres can be ordered in a series of diameters 

and can be mounted to optical tables. However, 

these spheres are not optimized for optical 

surface recording technologies, as they are 

with glossy metallic surface. They would also 

need to be surface coated to be compatible with 

optical imaging technologies. 

 

Figure 2.77 Calibration objects used for the 

Arius3D system, Canada - 2006. Image: Author. 

Figure 2.77 show test objects available at UCL 

CEGE. The artefacts and colour calibration 

swatch is used for the 3D triangulation system, 

and have been used by UCL and Arius 

Technology / Arius3D since 2006. A tri-planar 

geometric artefact and a calibration sphere 

with known geometry for geometry 

calibration, is paired with a Munsell Neutral 

Values Scale (commercially available) and a 

white plate made of Spectralon (ideal white 

diffuse reflector) for colour calibration. 

 

Figure 2.78 Test object after VDI2634 (University 

of Applied Sciences Oldenburg, Germany)-2013. 

Figure 2.78 shows a photogrammetric test 

object has been developed at the University of 

Applied Sciences Oldenburg, and has a volume 

of 1 x 1 x 1m by (Luhmann et al., 2013, p. 561). 

The object responds to the test procedures 

described in the guidelines VDI 2634, Part 2 

for length series. This test object has reflective 

targets within a defined measurement space. 

The verification is based on the length within 

the volume. This test object was designed with 

image-based recording methodologies in mind 

(flash and photography) and poses difficulties 

for active recording technologies through 

occlusions. 

Source: 
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Figure 2.79 Test object with textures, 

photogrammetric targets, and registration 

spheres.  (University of Applied Sciences 

Oldenburg, Germany) -  2008. 

The development of a geometric and colour 

reference object was included in the 

comparison of four sensors (Luhmann et al., 

2008), Figure 2.79. This target is characterized 

by irregularly set spheres around the perimeter 

of the target to enable geometric registration, 

coded photogrammetric targets around the 

perimeter for dimensional control in the plane, 

and a coloured patterned surface as texture 

with arbitrary surface height. This test object 

has been designed with image-based testing 

methods in mind and dimensional testing only 

applies to the four attached spheres. 

a)  

b)  

c)  

Figure 2.80 Test object by A. Brownhill – 2008.  

From top to bottom: a) Gap feature on datum 

plate, b) step feature and c) angle feature. Images : 

A Browhil. 

A previous project at UCL CEGE has applied 

tests with an aluminium artefact for the EFDA-

JET tokamak, an experimental fusion device. 

The artefact has gap, step and angle objects as 

well as datum spheres for testing, Figure 2.80.  

These targets are mounted on standard optical 

table dimensions and are a combination of 

various geometric features. The base plate, 

Figure 2.80a, provides dimensional stability 

with datum spheres for alignment and 

matching. The central artefact can be 

exchanged. The surfaces of the centre pieces 

have been treated with industrial alkaline 

etching to make them compatible for surface 

scanning. Further detailed information in 

(Brownhill et al., 2007).  

These test objects are limited by the 

methodological procedure of recording 

geometric artefacts one by one in subsequent 

recording steps and not all at the same time in 

a common coordinate system on a base plate. 

One of the outcomes of this work was the call 

for a future improvement with spheres attached 

directly to the test object to be used for 

registration, allowing easier comparison 

between data from different measurement 

systems. 

 

All of the above-mentioned selection of successful test object designs have been in practical 

use and some are commercially available for engineering metrology users. The comparison 

shows that a variety of different geometries, surface and/or colour appearances are used as 

reference objects in order to routinely conduct sensor calibration, (re)verification procedures 

and sensor capability tests. The larger percentage of the demonstrated test objects beyond 

simple geometric forms of flat, sphere and dumbbell, are developed by research groups or in 

workshops and are purpose-built by each institution and might not be commercially available. 
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There is little insight into design iterations or redevelopments during the development process 

as the final objects are usually presented in the literature.  

To summarise the observations made on dimensional test objects, the presented reference test 

objects are lacking the following elements that need to be further developed to be useful for 

testing in a cultural heritage context: 

- The test objects are dimensionally reliable (metal in environmentally conditioned 

room) and are calibrated to a specific accuracy, but show very variable surface 

properties, which are either suitable for dimensional touch probing (glossy metal 

surfaces), or suitable for photogrammetric imaging with a structured texture, or for 

triangulation scanning with a laser. None of the objects encompasses the option to 

conduct dimensional testing with all recording methodologies. 

- Only few of the test objects present a common coordinate system (or datum frame) 

where multiple geometrical or other features are mounted fixed. 

- The selected test objects show a variable degree of portability and useability outside the 

metrology lab. A new test object should be easily portable in a case on public transport 

and on the airplane and to different institutions and sites.  

- None of the selected test objects are addressed or easily available to the non-expert user 

including an easily reproducible testing procedure. 

- None of the selected test objects are addressing both form and colour testing routines, 

which are relevant for cultural heritage recording. 

- Most of the presented test objects are costly in their production. 

The development of a new purpose-built metric heritage test object will address some of these 

aspects in chapter 4. 

Surface treatment of test objects  

There are multiple options for surface treatment to obtain a lambertian surface. The surface of 

the test object should be matte in order to be compatible for optical surface imaging. The 

description of the characteristics of all purpose built test objects in Section 2.3.6, shows surfaces 

can be treated differently to be compatible with optical imaging. Additionally, they might carry 

targets, reflective targets, or might be made of lambertian material. Some of above targets are 

also coated or painted with texture or colour. Some of them are left shiny in favour of a 

challenging surface and of not changing the precise manufactured surface (e.g. NPL freeform 

artefact). The following methods can be used to prepare metal in order to produce a lambertian 

surface:  

1. Coating with opaque spray 

2. Vapour blasting 

3. Anodizing of the surface in a solid colour (often black or white). 

4. Treatment by surface etching. 

The last method, surface treatment by chemical etching, has been used in this research to 

produce a lambertian test object is described in Section 4.3.1. 
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 Assessing 2D imaging quality numerically   

In photography the resolving power, a criterion of spatial image quality, measures the detail-

recording ability of a system, and is usually expressed through the signal-to-noise ratio , i.e. the 

level of the desired signal compared to the level of background noise (Allen et al., 2011, p. 

443). Geometric resolving power is used to determine imaging performance of hardware and is 

measured by imaging a test pattern, such as (ISO 16067-1, 2003) in Figure 2.81, whose spatial 

frequencies are known. Further examples for test patterns are shown in (Luhmann et al., 2013, 

sec. 3.1.4.2). Resolving power is defined by the capability of the sensor to distinguish between 

black and white line pairs, and is expressed by the maximum highest frequency at which the 

difference is distinguishable in an image (also called spatial frequency). The resulting resolving 

power is measured using the units: line pairs/mm [L/mm] or cycles /mm [cy/mm]. The Spatial 

Frequency is described as F=1/X where X= number of cy/mm. 

Modulation transformation function (MTF) is used to analyse spatial resolution, and is a 

sinusoidal function, which defines how spatial frequencies in the original scene or physical 

objects is transferred onto the image plane and therefore into the digital image.  

Spatial resolution can be determined by the Slanted Edge Method producing a measure of 

evaluation called Spatial Frequency response (SFR) (Allen et al., 2011, p. 446). A typical graph 

illustrating a SFR response is shown in Figure 2.82, with the x-axis indicating the sampling 

frequency (or spatial frequency in number of lines per mm), and the y-axis showing the SFR 

(with a maximum value of 1). A line plots the modulation level per spatial frequency (also 

described in (ISO 12233, 2000, sec. 7.4). The mathematical procedure and use of the Slated 

Edge MTF is described in (Burns, 2001). Figure 2.82 is also typical for an MTF graph. 

The Nyquist frequency or Nyquist limit, indicated by a vertical line in Figure 2.82, defines the 

highest spatial frequency that can be reconstructed by the sampling frequency without loss of 

information (Luhmann et al., 2013, p. 132). Any spatial frequencies higher than the Nyquist 

limit are under-sampled (displayed at lower frequencies) and show an effect known as aliasing. 

The geometric properties and quality of opto-electronic sensors influence the resolving power, 

detector spacing, size and Nyquist frequency. The resolution measurements in photography and 

its terms and definitions are agreed in (ISO 12233, 2000). Further details about the geometric 

resolving power for opto-electronic sensors can be found in (Luhmann et al., 2013, sec. 3.1.4.2 

to 3.1.5.2 and 3.4.1.5).  

(Goesele et al., 2003) have demonstrated that the geometric resolving power of a 3D range 

scanner can be robustly determined using a slanted edge technique. Therefore, in this research, 

Spatial Frequency Response (SFR) by Slanted Edge method has been used to characterize 3D 

sensors if they have an inbuilt colour recording ability (Section 4.11). The geometric resolving 

power not only influences surface detail recording, but can also affect texture resolution. 
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Figure 2.81 ISO-16067-1 Resolution test chart. 

Photographic test target QA-61 by Applied Image 

Inc.  The centre includes differently spaced black 

and white lines to determine the Resolving power 

in (L/mm), and a Slanted Edge target in the centre.  

 

Figure 2.82 Spatial Frequency response graph 

(SFR) by Slanted Edge analysis.  Typical graph 

appearance and the sweet spot. presentation 

image by (Burns, 2001, p. 43) by (Goesele, Fuchs, 

and Seidel 2003)   

 Assessing 3D imaging quality: optical surface measurement 

Sensor evaluation and assessment of the overall system is usually based on a systematic 

approach. Metrology provides a framework by which a measurement instrument and sensor 

properties can be characterized and compared to other instruments. For engineering 

applications, testing should be conducted in a dedicated metrology laboratory, with controlled 

temperature, air humidity and known laminar airflow. Sensor performance is evaluated using 

quantities like resolution, uncertainty and repeatability, with particular attention to the effects 

of object material and local surface features. Testing should take existing standards into account 

and use certified geometric features (Beraldin et al. 2007, Chapter 2).  

Previous research into the performance and abilities of test objects for the scientific evaluation 

and verification of geometric accuracy of optical 3D imaging systems has been performed by  

 (Boehler and Marbs, 2005) at i3Mainz: Investigation of laser scanner accuracy with 

use of dedicated and calibrated geometric features. 

 (Tuominen and Niini, 2008): Verification of a real time optical 3D sensor in a 

production line. 

 (Teutsch et al., 2005) and (Tuominen and Niini, 2008): Development of geometric 

inspection and automated correction for laser pointclouds. 

 (Beraldin et al., 2008): Evaluation of laser spot range scanner lateral resolution in 3D 

metrology.  

In the following, expressions used in this research to describe 3D sensor performance 

evaluation are explained. 

 Definition of point density or ground sampling distance. As a general rule, the point 

density should be at most half the size of the smallest feature that is required to be 

discernible in the scan. The smaller the distance between points the more likely it is 

that the feature will be recorded. (Bryan et al., 2009, sec. 7.2.4). Equation 2.1 describes 
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the point density: Where Q is the quality of the data, m is the point density and λ the 

minimum feature size, or the point density required. The value Q therefore indicates to 

the client the level to which the object has been scanned. (Bryan and English Heritage, 

2003, sec. 1.2.1)  

 

Equation 2.1 Definition of point density. 

  

Figure 2.83 Standard normal distribution curve when σ =1.0 (Sigma) and µ =0 (mean). Error frequency 

of the deviation and the approximate percentage of the area are expressed by a Gaussian curve. 

 The standard deviation is expressed through the Greek letter σ (Sigma) and measures 

the amount of dispersion or variation from the average. The values are often expressed 

in manufacturer specifications as uncertainty and have signed values (for example +/- 

0.5mm, i.e. an unsigned total value of 1mm). 

 Sigma (σ) also expresses the dispersion index of the errors, following a curve when 

plotted as a histogram (Figure 2.83). If it can be assumed that the measured values 

follow a Gaussian distribution, then precision can be quantified as measurement 

uncertainty. This is represented in dimensional metrology by the standard 

measurement uncertainty, which is represented by the experimental standard deviation 

of the mean µ. In a typical case, i.e. a good plane fit, for the calculation of a histogram 

of the distribution errors, the Gaussian curve is normally distributed. If the residual 

error distribution curve is slanted, then this indicates a systematic error in the plane-fit. 

 Sensors are tested against known geometric elements, such as spheres or planes. For 

point selection of a geometric element, either all points can be used, or outliers can be 

disregarded for plane fitting by selecting a value of σ. In this research, all fitting for 

quantitative testing is based on a selection of 3σ, i.e. 99,74% of points are used, which 

ensures that a high percentage of recorded points are used but large outliers will not be 

taken into account for the plane fitting calculation. The calculation is based in the  

dispersion index σ: 1σ = 68.26% of all points, 2σ = 95.44% of all points, 3σ = 99.71% 

of all points, see Figure 2.83. The 3σ value for geometry inspection has also been 
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recommended by the inspection software for metrological inspection (GOM GmbH, 

2014).   

 After plane-fitting every point of the actual geometry has a distance to the newly fit 

geometry. This distance is called the residual. The average of the values of residuals is 

called the mean and expressed through the variable µ. It indicates if there is a 

systematic error in the data, mostly visible through a coloured deviation map to the 

fitted geometry. 

 RMS stands for root mean square, also called the quadratic mean and expresses the 

variance, or the statistical measure of the magnitude of the variation. The overall 

quality of the data-fit is expressed through the Root mean Square error of the squared 

residuals, therefore RMS2 = σ2 + µ2 .  

 Statistical hypothesis or significance testing: For engineering tests, it is important to 

ascertain a confidence level and statistical significance of the result, usually ascertained 

by a significance test. An initial research hypothesis with a confidence level is set (null 

hypothesis) and is contrasted by an alternative hypothesis. This method is also used in 

photogrammetry and engineering, where the Gaussian distribution is replaced with the 

Student’s t-distribution (Figure 9.7 Student’s t-distribution table used for hypothesis 

test.), particularly in the case of large and finite datasets (Luhmann et al., 2013, p. 95). 

A worked example of hypothesis testing is developed in section 4.9.3. 

 The uncertainty in a measurement is inversely proportional to the precision of the 

measurement system, a low uncertainty indicating a high precision. Both measures 

indicate the agreement between multiple measurements of the same surface.  

 Accuracy is a qualitative term that describes how close the measurements are to the 

actual (true) value, Figure 2.84.  

 Precision describes the spread of these measurements when they are repeated. A 

measurement that has high precision has good repeatability.  
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Figure 2.84 Accuracy, Precision and Repeatability 

 after (Flack and Hannaford, 2006) Courtesy of NPL (C) Crown Copyright 2003.  

Description of existing test procedures 

The test procedures used in this research for the assessment of 3D form recording of Systems 

Under Test are adapted from the publication ‘Characterization of Triangulation-Based 3D 

Imaging Systems Using Certified Artifacts’ (Beraldin and Carrier, 2012), whose authors are 

referencing procedures used in ‘Practical acceptance and reverification methods for the 

evaluation of the accuracy of optical 3D measuring imaging systems’ (VDI/VDE 2634-3, 2008) 

and illustrated in Figure 2.85.  

For form recording (Beraldin and Carrier, 2012) suggest characterising a 3D imaging system 

for the following parameters: geometric properties (orientation, form, size, location, profile), 

external frame of reference (size, orientation), Gaussian dispersion (RMS of 

plane/sphere/angle/surface), resolution (length, depth, optical) and optical properties (not used 

in this research). Categories for form characterisation of a Sensor Under Test were adapted into 

systematic categories for this research as shown in Figure 4.17 (Section 4.4.2). Procedures and 

nomenclature from the above publications will be outlined in the following with references to 

their applied use in this research. 

 

Figure 2.85 Standards for testing freeform measurement capability of optical and tactile CMM.  From left 

to right: measurement positions within sensor volume to a) to establish of sphere spacing error, (b) to 

establish of flatness error, (c) to establish the probing error. Illustration from (VDI/VDE 2634-3, 2008) 

adapted by (Acko et al., 2012).  
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Testing for geometric properties of 3D sensors 

Orientation: Angle error Ea 

The Angle error Ea is the difference between the measured angle from the datum plane to an 

oriented plane am and the reference angle from the datum plane to an oriented plane ar 

(Equation 2.2). The angle error is calculated for the angle between a best-fit plane for each angle 

block relative to the reference plane. The angle error characteristic reported for the SUT is the 

largest value (unsigned largest deviation from reference angle) of all scanned angle errors from 

all measured orientations (Beraldin and Carrier, 2012, sec. 6.1.5). A worked example of the 

angle error is developed in Section 4.7.2 in Table 4.6. 

 

Equation 2.2 Angle error 

Form: Flatness F  

Flatness F is the difference between the maximum positive signed orthogonal distance Fdmax  

and the minimum signed orthogonal distance 
Fdmin,

 to the best-fit plane (Equation 2.4). 

(Beraldin and Carrier, 2012, sec. 6.2.1). Flatness is also defined by VDI2634-2: The quality 

parameter ‘flatness measurement error’ is the range of the signed distances of the measuring 

points from the best-fit plane calculated according to the least-squares method. The procedure 

involves the recording from no less than six different orientations in the sensor volume in order 

to determine the flatness measurement error (orientations, Figure 2.85b) (VDI/VDE 2634-2, 

2002, sec. 4.3). The flatness test should ideally be conducted with a rectangular parallelepipeds, 

which can also be a calibrated optical flat. A worked example of the flatness test is developed 

in Section 4.8.1. 

 

 

Equation 2.3 RMS  

plane- fit 

 

 

 

Equation 2.4 Flatness F  

Figure 2.86 Illustration of plane-fitting for 

Flatness F. Illustration by (MacKinnon et al., 

2012, p. 3.3.1). 

Form: Circularity / Probing error R 

The Circularity R, also called Probing error, is the difference between the maximum radial 

distance 
Rrmax,

 and the minimum of radial distance 
Rrmin,

to the center of the best sphere-fit. 

The RMS Sphere-fit 𝑅𝑀𝑆𝑠𝑝ℎ𝑒𝑟𝑒 is the dispersion of the best-fit sphere residuals (Beraldin and 

Carrier, 2012, p. 6.2.2), Equation 2.5. 
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Equation 2.5 RMS Sphere-fit 

 

Equation 2.6 Circularity / Probing Error   

A sphere is positioned arbitrarily at minimum three positions within the measurement volume 

and in each position measured from at least five sensor positions either by repositioning the 

sensor or the geometric feature and according to (VDI/VDE 2634-3, 2008, sec. 4.3.1) and as 

illustrated in Figure 2.85c. A least squares sphere is to be fitted to the collected data with 

maximum 3% of data excluded from the fitting process. The range of the radial deviations of 

data to the fitted sphere (of the points used for fitting) is the form error and the difference 

between the fitted sphere diameter and calibrated diameter is the size error. A worked example 

of Circularity error/Probing error is demonstrated in Section 4.8.2. 

Form: Sphere Diameter Error Ed 

The Sphere Diameter Error Ed is the difference between the measured diameter dm and the 

reference or calibrated diameter dr of the same sphere provided on the calibration certificate 

(Equation 2.7). The uncertainty associated with the reference diameter dr should be provided. 

(Beraldin and Carrier, 2012, sec. 6.1.1). The measured diameter is of an unconstrained best-fit 

sphere fitted to measured data points (Equation 2.5). The diameter error characteristic reported 

for the SUT is the largest value for all scanned spheres in all measurement orientations. A 

worked example is demonstrated in Section 4.8.3. 

 

 

Equation 2.7 Sphere Diameter Error 

Length: Sphere-spacing error  ESS 

If the sphere spacing test is correctly conducted according to (VDI/VDE 2634-3 2008, Section 

4.2) then ‘known distances shall be observed within the entire measurement volume, regardless 

of the arrangement of the artefacts. For its determination seven different positions are 

sampled.’ The seven positions of the known lengths within the sensor volume are illustrated in 

Figure 2.85a. The sphere spacing error Ess is the difference between the measured distance lm,ss 

between two sphere centres and the reference distance lr,ss between two sphere centres provided 

on the calibration certificate. The uncertainty ur,ss associated with lr,ss should be provided. The 

measured distance is obtained by the distance of two sphere centres best-fit on measured data. 

The sphere-spacing error characteristic reported for SUT is the largest value of all length errors 

from all measured orientations in Figure 2.85a (Beraldin and Carrier, 2012, sec. 6.1.2).   

 

Equation 2.8 Sphere-spacing error 
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This procedure for testing the quality parameter sphere-spacing error is directly based on 

(VDI/VDE 2634-2 2002, Section 4.2) for optical base scanning and (VDI/VDE 2634-3 2008, 

Section 4.2) for multiple view systems based on area scanning. It serves optical probing for 

acceptance and re-verification measurements in Section 4.2. VDI2634 suggests sphere fitting 

with free radius. The sphere distances can either be placed within the measurement volume or 

alternatively the sensor can be moved around the sensor to take the different directions as in 

Figure 2.85a. The intention is that these measured lengths may be compared against equivalent 

measurements taken from different scan positions. This allows a set of comparative length 

measurements that can be used to check the capability of a system to perform length 

measurement from different single images and the reproducibility of the 3D scanning system 

(Robson et al., 2011). A typical graph to show the length error or sphere-spacing distance error 

is shown in Figure 2.87. A worked example for the use of the sphere-spacing error is given in 

Section 4.9.1. 

Length: Unidirectional plane-spacing error EUPS   

The Unidirectional plane-spacing error EUPS is the difference between the measured distance 

lm,UPS between two parallel planes with the same normal and the reference distance lr,UPS 

between two parallel planes with the same normal. Beraldin suggests calculating the EUPS 

relative to a reference plane. For each measured plane, a best-fit plane, constrained parallel to 

the reference plane, is calculated (Equation 2.9), and distances between reference plane and 

each step are compared. All planes are positioned or machines to be coplanar with the reference 

plane within a level of uncertainty much less, than the uncertainty associated with the SUT. The 

unidirectional plane-spacing error characteristic reported is the largest value of all scanned 

length errors from all measurement orientations (Beraldin and Carrier, 2012, sec. 6.1.3). A 

worked example of unidirectional plane-spacing error evaluation is given in 4.9.3. 

 

Equation 2.9 Plane-spacing error 

 

Equation 2.10 Unidirectional plane-spacing error 

 

Figure 2.87 Example of length measurement error diagram.  The y-axis shows the error in [mm], the x-

axis shows lengths to be measured with increasing distance. It is expected that the length error at a 

smaller distance (A) is increasing with greater length (B). Graphic after (VDI/VDE 2634-1, 2002, sec. 4.1) 
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Length: Bidirectional plane-spacing error EBPS 

The Bidirectional plane-spacing error E is the difference between the measured distance 

between two parallel planes with the opposite surface normal direction lm and the reference 

distance between two parallel planes with the same normal lk as reference value (Equation 2.11) 

(Beraldin and Carrier, 2012, sec. 6.1.4). The uncertainty associated with lm should also be 

provided (MacKinnon et al. 2012, Section 3.3.1). A worked example is described in Section 

4.9.2. 

 

Equation 2.11 Size characterisation test: Bidirectional plane-spacing error 

Structural resolution  

Structural resolution is defined by lateral resolution of distance sensors and ‘characterises the 

smallest structure measureable with maximum permissible errors to be specified’ (VDI/VDE 

2617-6.2, 2007, p.  26). A worked example where a structure normal has been used in this 

research to evidence lateral resolution is demonstrated in Section 4.10. 

 

Figure 2.88 Verification of structural resolution using a structure standard. a) left: gap or pit having a 

depth of 1.0 unit (z-axis) and width equalling cut-off wavelength, b) right: structure is shown with only 

63% of its calibrated depth in z-axis after 3D recording. Graphic from (VDI/VDE 2617-6.1 2007, Figure 

A1) 

 Best practice and guidelines in engineering metrology 

This section outlines existing documents and guidelines about the deployment of 2D and 3D 

image assessment practices. 

Guidelines and vocabulary of Metrology  

Engineering metrology has established standards and terminologies for object measurements 

and calibration to ensure high quality and precision. 3D imaging hardware specifications versus 

3D measurement descriptions and evaluation are still not harmonized. Traceable procedures 

and standards are not fully agreed upon, especially in the field of 3D imaging in heritage 

(Beraldin, 2008).  

The American Society for Testing and Materials (ASTM) is developing a standard for 3D 

imaging systems since 2006, which include but are not limited to 3D laser scanners and optical 

range cameras, to find a common file format for 3D (ASTM E57, 2013). The Committee has 
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various subcommittees including test methods and guidelines, and publications have been 

reflecting ongoing work of this group (MacKinnon et al., 2013). Even though it is not used in 

this research, the format is meanwhile widespread for 3D models and pointclouds. 

The PD 6461 – 1995 Standard Part 1 and Part 2 give basics to Metrology and the vocabulary 

of Metrology (British Standard Institution, 1995) was the base document to define concepts and 

terms for measurement results, errors , and uncertainty. Recently the terminological dictionary 

for metrology was replace with (JCGM 200-2012/WG 2, 2012) in English and French. This 

guideline gives a solely numeric approach to measurement. The Guide to the expression of 

uncertainty in measurement (GUM 1995) was also replaced with (JCGM 100: 2008 WG 1, 

2008). 

Guidelines for close range optical 3D vision systems 

There are a number of existing guidelines for the evaluation of the test object in place. 

Engineering metrology is founded on quantification rather than qualitative assessment and can 

provide a framework within which different sensors can be examined and compared.  

However, despite accepted terminology and methodology in this area remains work in progress 

(Beraldin et al. 2007). Engineering guidelines for optical non-contact measurement are slowly 

maturing and are characterised by geometric surfaces and recording device independent 

(VDI/VDE 2617 / part 6.2, VDI/VCI 2643, ISO 10360-8, ASTM E 57 is in development). The 

possible procedures are also described in (Luhmann et al., 2013, p. 562). 

The VDI guideline 2634 consists of three documents describing re-verification and acceptance 

methods of sensor performance to assess the accuracy of the measuring system with the help of 

standardized geometric features. Part 1 describes optical 3D measurement systems with point-

by-point probing, like cameras and triangulation systems. It determines the length measurement 

error (VDI/VDE 2634-1, 2002). Part 2 relates to optical systems specifically on area based 

scanning. It can be applied to sensors using triangulation method, like fringe-projection or 

moiré techniques, area-based photogrammetric or scanning systems. The guideline defines the 

‘probing error’ and the ‘flatness measurement error’ and ‘sphere spacing error’ (VDI/VDE 

2634-2, 2002). Part 3 describes the method for multiple view systems based on area scanning. 

It specifically covers ‘several single views that are transformed into an object-related reference 

from by repositioning the sensor and / or the object’ (VDI/VDE 2634-3, 2008).  

Guidelines by National Physical Laboratory (NPL) 

The National Physical Laboratory (NPL) of the UK develops good practice recommendations.  

Some of the examples relevant to this research project include ‘Good practice guide for the 

Measurement of Gloss’ (Hanson and NPL, 2006), ‘dimensional metrology’ (Flack and 

Hannaford, 2006) and ‘measurement for free form surfaces’ (Rodger et al., 2007). The 

Freeform Measurement and Analysis group is targeting a range of tactile and non-contact 

probes and laser-scanners / techniques in their research.  
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2.4 Summary of state-of-the-art 

 

Figure 2.89 Museum grade 3D imaging, and relation to human perception. 

 

Chapter 2 has reviewed the existing research and publications relevant to this research. The 

context of documentation and 3D imaging for museum and cultural heritage was presented with 

an overview of the history of photography and photogrammetry since the 1850s, following 

through to current development with focus on the years 2005-2014 (Section 2.1.1). This 

overview shows that close-range 3D imaging methods for museum objects are increasingly 

available and increasingly more affordable tools for 3D imaging. Recently available hard- and 

software, often freeware, allows an adoption of 3D imaging in museums with prototypes to 

make digital models available on 3D imaging databases in the last years. Institutions are starting 

to include 3D digital documentation in their information packages and recommendations 

(Section 2.1). It is increasingly becoming a more accessible technology for everyone with 

access to a 2D consumer digital pocket camera or DSLR camera. 

 

In the next part of the chapter, a review of qualitative research and user testing in cultural 

heritage was given (Section 2.2). Qualitative research is largely based on subjective image 

quality perception. Our complex human visual system, our eyes, provides us with a highly 

efficient machine for stereo vision with high spatial resolution and discerning colour perception 

that can scarcely be outdone with machine vision and optical imaging methods (Figure 2.89). 

2D image quality can be measured with established psychophysical testing methodologies by 

user testing. Non-contact optical 3D imaging principles are modelled on the biology of image-

creation by our human visual system, and imitate principles of tristimulus for colour recording 

or stereo vision for depth recording in the visible range of light (Section 2.3).  

 

Off-the-shelf 3D recording technologies on offer are diverse (Section 2.3.2 and 2.3.3), based 

on area based sensor, line or point recording technologies. Successful examples for applications 
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in heritage are given alongside a detailed technical description of close-range 3D imaging 

technologies used in this research. While active 3D imaging technologies are becoming more 

capable and fast with intuitive user interfaces, passive 3D imaging using digital photography 

offers capabilities to record small details. Photography based technologies are increasingly 

favoured in terms of meeting heritage professionals’ expectations for surface feature and texture 

recording. To evaluate 3D imaging quality for form recording the available quantitative 

methods, technical standards and best practices known from engineering metrology have been 

described (Section 2.3.9). The merits of specific sensor types have been outlined and illustrated 

with examples (Section 2.3.3).  

 

Overall, the development leading from photography to 3D laser scanning and back again, and 

the movement towards lower cost sensors can be confirmed. In 3D imaging for cultural heritage 

institutions, it can be strongly argued for lower cost and ease of use.  

3D printing for consumers is increasingly available with affordable multiple off-the-shelf 

consumer 3D printers in the past years, also for use by museums and heritage institutions 

(Figure 2.14). Even though it is not a core topic of this research, a short introduction of 3D 

reproduction principles including 3D printing is given in Appendix 9.5. This is relevant for the 

reader if the aim of 3D recording is the production of physical replicas. 
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3 Requirements of heritage professionals for 3D image 

quality - qualitative evaluation 

 

Figure 3.1 Diagram of qualitative evaluation chapter in relation to thesis structure 

In this first experimental chapter, an in-depth qualitative study of user requirements is 

conducted to answer the research question stated in Section 1.2.2:  

What are the important user requirements and 3D image quality metrics used by 

heritage professionals for the tasks of condition assessment and visual inspection?  

Evidence for user requirements is collected through questionnaires and user testing involving 

heritage professionals, 3D imaging professionals and scientists in charge of museum objects. A 

mixed qualitative and quantitative method is applied for data collection and interviews. A 

selected set of museum objects is presented next to their digital representations in 2D, 2.5D 

(PTM/RTI) and 3D during a semi-structured interview and rating for the evaluation of 3D 

quality indicators (Section 3.5.3). Outcomes are therefore both numerical (ranking of quality 

on a scale), and textual from interview transcripts (Appendices 9.2.2 and 9.2.4). The interviews 

elicit experts’ view, and allow analysis based on interviewee profiles (area of expertise) and 

recurring themes. This helps to draw conclusions about the main categories for user 

requirements (Section 3.7) which define 3D image qualities for 3D digital surrogates. To 

establish the relation between qualitative data (best visual display) and quantitative data (metric 

accuracy) (research question 3, Section 1.2.2) psychometric testing of the just noticeable 

difference of 3D resolution is conducted (Section 3.7.1). This user testing sheds light on criteria 

used by heritage professionals to assess 3D image quality for the task of object and condition 

assessment, visual inspection and research use.  
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3.1 Previous qualitative research  

The author was involved in qualitative research and stakeholder interviews before the design 

of this qualitative research. 

1. The project ‘E-Curator: 3D colour scans for remote object identification and 

assessment’, a collaboration between UCL Museums and UCL CEGE, with JISC and 

AHRC funding (2008-2009). Contributing to the E-Curator project, three focus-groups 

as a condition reporting session with participant observation of the handling and 

inspection of real museum objects were held. Additionally, three team members 

conducted ten semi structured interviews with conservators and curators with the aim 

of improving the interface design of the E-Curator prototype by user feedback. The 

interface testing was designed around a semi-structured interview format, which was 

repeated for each participant. Audio recording and mouse action recording showed 

typical user actions on screen. The participants were instructed to handle 3D models in 

the viewing software in order to enable them to engage and play with 3D images 

without help or guidance. The aim was to find out, if the user interface and 3D digital 

image functionalities were user friendly. Series of semi-structured questions to pinpoint 

areas of interest focused on the overall interface presentation, the 3D image, the 

metadata around the 3D image, and finally the users’ multi-sensory engagement, 

corporal relationship to the image and attachments. A 3D image viewing prototype was 

designed and launched. It allowed the display of 3D coloured pointclouds showing 

objects form different collection in UCL Museum alongside photographs and metadata 

of the object. The 3D object viewing display was web-based to allow dissemination of 

3D images via the web aiming at remote accessibility. A detailed description of the 3D 

viewing software is given in (Hess et al., 2011). The results are reported in a number of 

papers (I. Brown et al., 2008; Hess et al., 2008; Hess. et al., 2008) . 

2. The following year, 2009, the author was invited to talk in the seminar series Digital 

Classicist, organized jointly by Kings College and UCL Digital Humanities. The author 

handed out a first survey draft about use of 3D imaging in cultural heritage institutions 

to the interested audience. First impressions about motivation for use and user needs 

for 3D image quality emerged. As the multiple-choice questions and rating sheets 

worked, the survey formed a prototype for the qualitative survey questions in this 

research. 

3. From 2010 to 2013 the author was on the project team of ‘3D Petrie: 3D imaging 

research, digital applications and use of new technologies in the museum’ (2009-2015) 

(3DPetrie team et al., 2014). An iterative process was taken to determine the digital 

curators’ requirements. Subsequently a workflow from 3D acquisition to the creation 

of high-quality 3D colour models was developed, including the creation of metadata 

form and assessment sheets for curatorial review. Project outcomes were presented in 

a session for Museum Practice at the Museums Association Conference 2013 in 
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Liverpool (Serpico et al., 2013). A journal publication of this workflow is submitted 

and under review at the time of writing (M Hess et al., 2015). 

3.2 Purpose of qualitative research 

As discussed in Sections 1.1.3 and 2.1, the potential of 3D images is increasingly recognized 

by heritage professionals for opening up new technological possibilities for digital 

documentation, analysis and research, exhibition display and education. Yet, currently there is 

no comprehensive understanding of what constitute 3D image qualities for a digital surrogate 

artefact, from the point of view of a heritage professional. Therefore new 3D image quality 

indicators need to be established to enable assessment, judgement of and specifications for 3D 

digital image quality by heritage professionals themselves. These quality indicators are needed 

to establish the relation between qualitative data (best visual display) and quantitative data 

(metric accuracy).  

In addition, a methodology is needed to connect user requirements to the informed choice of a 

fit-for-purpose sensor by heritage users. A framework will be developed and tested to assess 

3D image quality and to plan 3D imaging projects according to user requirements and sensor 

capabilities. The aim of a framework for 3D imaging for heritage is a transferability to other 

3D imaging projects in museums and heritage institutions. 

3.3 Resources and Constraints 

In the following section resources and limitations / constraints for each element of the survey 

and user testing is discussed. This research is presented along the Pret-a-Rapporter framework 

as described in Section 2.2.1 (Blandford et al., 2008). 

 Object selection  

Resources: Nine objects were selected to represent differences in size and shape, material 

properties, and shininess of the surface. Some challenging objects were intentionally added to 

the selection. These were two black and shiny Obsidian cores (Figure 3.4) and the coin Sunday 

Figures (Figure 3.6) due to its minute inscriptions which are hardly readable with naked eye 

and challenging for imaging. The objects were recorded with a variety of imaging technologies 

to enable a visual comparison later. The objects had to be stored close to the testing in a lockable 

cabinet and interviewer and interviewees should be allowed to handle them with nitrile gloves 

during user testing. Some of the artefacts were kindly loaned for the duration of the imaging 

and tests. Table 3.1 gives a short description of the object properties. 

Constraints: More objects were prepared with complete 2D / 2.5D and 3D image sets than could 

be included in all interviews due to time constraints. In order to keep the interview to a two 

hour slot, the number of objects presented had to be limited to 5 objects for discussion. To keep 
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the interview consistent the same 5 core objects were presented to all interviewees. If time was 

short due to extended discussions, interviewees were asked to make a choice between objects 

based on their expertise, preference or ownership (users naturally wanted to talk about their 

own objects loaned for the research, to explore the 3D digital surrogates). Even though a variety 

of object sizes and materials were chosen, the selection certainly does not cover the complete 

gamut of museum objects sizes, types, materials, and colours in cultural heritage institutions. 

None of the selected objects is bigger than table-top size (ca. 30 x 30cm), and no sculptural 

objects or artefacts with very complex surface geometry was included. 

CORE OBJECTS 

Photographs  Selected objects  

 

 

Figure 3.2 Photographs of Earthen Pot, top view 

and side view. 

Earthen Pot.  

This object was chosen for its medium size 

and form, materiality and volume. It is the 

largest object presented in the user testing. The 

surface shows two different materials and 

details like holes and colour changes. The 

imaging of the inside of the pot was difficult 
and not achieved by the 3D scanning.  

Owner: Prof Stuart Robson,  

Material: Clay glazed, reed, Size: ca 30cm 

high 

Imaging methods: 3D colour laser scan, 
photography. 

 

 

 

 

Figure 3.3 Photographs of Toycar, Overview and 

detail 

Ford Sunliner Toycar. 

The object was chosen for its variable colour 

and surface properties, and its three-

dimensionality, i.e. complexity and recesses of 

the surface. The Toycar was part of an UCL 

event in 2009 and resources and information, 

including microscopic and material analysis 

are available on the event website 

www.objectretrieval.com.  

Owner: UCL Pathology Collection. Curator: 

Subhadra Das., Reg.No.315678., Material: 

metal alloy, white paint, red lead paint, plastic 
, Size: ca 10 8 x 5cm 

Imaging methods: 3D colour laser scan, 
photography, PTM. 
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CORE OBJECTS 

Photographs  Selected objects  

 a 

b 

c

 d 

Figure 3.4 Photograph of Obsidian cores, 

a) 2011/122 front, b) 2011/122 back c) 2011/129 

front d) 2011/129. 

Two obsidian cores from Arpachiyah. 

These two artefacts were presented as a pair. 

Their challenging dark and shiny material 

poses difficulties for any 2D or 3D imaging   

technology. An understanding of the 

manufacture of these objects should be 
achieved through the digital representations. 

Owner: UCL Institute of Archaeology. 

Curator: Ian Carroll. Accession numbers: 

2011/122 and  2011/129. Size: 48 x 22 x 

86mm, Material / description: Obsidian 

bladelet core trimming element with narrow 

bladelet scars on dorsal side, and several flake 

scars on ventral surface. From Tell 

Arpachiyah (Iraq / Western Asia 
Mesopotamia).  

Imaging methods: 3D colour laser scan, 
photography, photogrammetry, PTM  

 

 

  

a 

  

Figure 3.5 Sherborne Abbey Painting Fragment 

photograph.a) decorated top view and b) side. 

Painting Fragment from Sherborne 

Abbey, ca. 1175-80. 

This object was chosen due to its fine surface 

structure, including colours and painted 

pattern with visible grounding on the front. 

The front painting fragment shows a crack 

through the surface of the painting, which does 

not continue through to the back. The back and 

sides show an interesting material composite 
of plaster and quartz.  

Owner: Courtauld Institute of Art. Curator: 

Prof Sharon Cather. Accession number: 
4547. Size: ca 10cm x 8cm x 4cm,  

Material / Description: Loose fragment of 

painted plaster with decoration. Possibly 

showing the remains of drapery. From ca. 

1175-80. Excavated in 1972 in Sherborne 

Abbey Chapter House. The reader is directed 

to (Howard and Park, 2005) for more 
information about the excavation.  

Imaging methods: 3D colour laser scan, 

photogrammetry, photography, PTM, 

Picoscan. 
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CORE OBJECTS 

Photographs  Selected objects  

 a

 b 

Figure 3.6 Sunday figures coin: a) reverse and b) 

obverse 

Sunday Figures Coin. 

This coin has been chosen for its shiny dark 

surface and very fine details that is challenging 

for any imaging sensors. Both sides of the coin 

are inscribed. The reverse side (Figure 3.6 top) 

has a particularly small inscription. The coin 

shows signs of use from extensive handling. 

The user testing task was to decipher the 

inscription on the coin with the help of the 2D 
/ 2.5D / 3D digital representations.  

This coin is a calendar of Sundays per month 

and festive days (Figure 3.6b, obverse) and 

moon phases / zodiac signs and festive days 

of the year 1739 (Figure 3.6a, reverse). A 

similar coin with the same design is depicted 
in Figure 9.6. 

Owner: Sally MacDonald, 

Material / Description: metal alloy (further 
details unknown). Size: diameter ca.3cm 

Imaging methods: 3D colour laser scan, 

photography, photogrammetry, PTM with 
Nikon D200 and Nikon D3200 

 

Additional Objects 

 

Figure 3.7 Painting fragment from Knidos, front. 

Painting fragment from Knidos, 325-50 

BC. 

Owner: Courtauld Institute of Art given to the 

Conservation of Wall Painting department in 

1985. Curator: Prof Sharon Cather. Accession 

number: 4547. Size: ca 10 x 8 x 4cm, Material 

/ description: painted plaster with Guilloche 

decoration, possibly part of the wall 

decoration from domestic environment. 

Knidos. Part of a collection of fragments 

excavated from the Hellenistic site of Knidos, 

Turkey, 325- 50 BC. More information: 
(Tringham, 2003).     

 

Figure 3.8 Kaiser bill coin, obverse and reverse 

Kaiser Bill coin, Germany, 1910. 

Provenance and year clearly inscribed. Very 
shiny surface.  

Owner: Sally MacDonald, Material / 

Description: metal alloy (further details 

unknown). Size: diameter ca. 3cm, Imaging 

methods: 3D colour laser scan, photography, 

photogrammetry, PTM with Nikon D200 and 
Nikon D3200 
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Figure 3.9 Portuguese Coin, obverse and reverse 

Portuguese Coin 

Ownership and imaging methods as Kaiser 

Bill coin above. The coin shows a Portuguese 

coat of arms on one side, the reverse side is 

corroded and shows wear and tear, and is not 

easy to decipher. Corroded surface and 

colours are an interesting challenge to image. 

 

Table 3.1 List of objects used for qualitative user testing 

 Creation of digital representations and 3D imaging  

Resources: UCL CEGE is equipped with a wide range of state-of-the-art 3D imaging sensors 

used to produce the digital images of the objects at UCL. Other sensors were sourced from other 

institutions and are listed in Appendix 9.3.1. 

Constraints in 3D model representation and processing: Most 3D digital models and 

photography were shown to the interviewees in a work-in-progress stage, which allowed the 

interviewees to see a clear distinction in 3D modelling of raw data of scientific imaging (such 

as alignment) and an archival model. The same models were shown to all participants in the 

user study, to get a consistent outcome on the questionnaires. Heritage professionals tendering 

3D imaging might not see these work-in-progress stages and only receive the final model which 

has undergone processing (e.g. colour adjustment, hole filling) guided by qualitative or artistic 

decisions and dependent on the technicians digital craftsmanship. 

 Delimitation and focus of research topic  

The exact scope of this qualitative study is described in the research purpose (Section 3.2) and 

is listed in detail in the qualitative research method (Section 3.5.3). The user survey does not 

research the following topics: analysis of best viewing conditions, analysis of relation of 

maximum enlargement of object or object scale to real object; analysis of different viewing 

software or engines and user interfaces for viewing 3D models on screen or over the web; 

museum visitor engagement in galleries; general public or museum visitor, research on the 

portability and transferability of 3D images over the web; in-depths comparative evaluation of 

cost and time for commercial 3D model production.  

 Representation of participants professions in surveys 

While the face-to-face survey recruited participants with the aim to have an equal number of 

curators and conservators as professional role for part 1, most of the disciplines were 

represented only by one participant. Findings and the impact of 3D imaging technologies on 

this particular sector can only be discussed by what these participants related during the testing. 

To ensure a complete and exhaustive extrapolation of the questions put to the participants at 

least eight participants per discipline should have been interviewed, which was not possible due 
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to time constraints. For the online survey, no control over the participating disciplines was 

possible as it was disseminated in the international heritage community via email and mailing 

lists. 

3.4 Ethics and data protection 

This research is registered with UCL CEGE and UCL Legal Services, UCL Data Protection 

Registration (allocated research project number: Z6364106/2013/01/84). Since no sensitive or 

medical data or work with vulnerable kids or adults was collected, the application did not go 

through UCL Ethics council. Participants signed an informed consent form (Appendix 9.2.1) 

in which they agreed to be audio recorded. The data is anonymized and participants are 

represented with random numbers (which are shown in round brackets for verbatim text). 

Transcription and audio of user interviews have been deposited on an external encrypted hard 

drive. All other digital data has been deposited in the UCL Research Data Services, for future 

access and collaboration under the project Best practice for museum metrology. 

3.5 Techniques and methods for qualitative research  

The research method for qualitative user testing can be summarised as mixed qualitative and 

quantitative testing with semi-structured interviews, free text and rated questionnaires (details 

in Section 3.5.3). The experiments have been designed with a reproducible technical set-up and 

re-useable questionnaires. Objects could be loaned again from UCL Museums or the Courtauld 

Institute of Art, while other artefacts were a private loan but could be replaced with comparable 

objects. Similar conclusions could be reached on repetition, with the caveat that 3D imaging 

sensors and viewing software of digital data might have changed with technology 

developments. The report in Section 3.7 presents summaries and conclusions drawn from 

participant’s statements according to their specialism. The aims are to gather objective data 

about 3D imaging requirements for cultural heritage professionals. Psychometric testing 

method for image quality is also included and described in Section 3.7.1. 

 Recruitment of interviewees for face-to-face interviews 

Participants were recruited across a number of disciplines, but all were cultural heritage 

professionals. The 25 face-to-face interviewees were recruited in London, local museums and 

from UCL. An equal number of conservators and curators were aimed at.  

Most participants use visual inspection, condition report or formal analysis in their daily work. 

No specific gender and age representation was aimed at. With the exception of one participant, 

who let me know that he had a difficulty in differentiating colours, all participants were able 

bodied with good vision. All level of knowledge about digital heritage imaging was represented, 

from a first-time-encounter with 2.5D and 3D images to proficient 3D imaging technician 

(Section 3.6.1). 
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 Recruitment of online survey participants 

After a first evaluation of the face-to-face interviews, a number of new aspects were relevant 

for inclusion in an extended online questionnaire. It was of interest if the same trends from a 

small number of interviewees would be confirmed by a bigger sample, i.e. a larger number, of 

respondents. The online survey did not contain 3D models, photographs or artefacts. An 

international museum audience, who were form the international conservation and heritage 

community, was approached and invited to participate. The invitees were prompted to forward 

the survey to interested parties. Invitees to the e-questionnaire were: 

 From the authors professional network: 

o Visitors to the 3D labs at UCL CEGE from 2008 to 2013, and visitors to the 

3DPetrie project from 2010 to 2013.   

o Professional acquaintances at conferences and networking events, 2008 - 2013. 

o Collaborators in projects of UCL CEGE and universities and institutions, 

working in 3D imaging, with connections to the museum and heritage 

community. 

 The Museums Computer Group. The group communicate via a JISC Email discussion 

lists for the UK Education and Research communities and has a subscription number 

of ca. 1300. (MCG, 2014). The invitation is still available online (Hess, 2013a). 

 The Conservation distribution list (aka ConsDistList), a University of Chicago 

emailing list, which possibly reached the widest audience overseas. It is a discussion 

list for professionals in cultural heritage preservation. The number of subscriptions 

was reported as 10.000 in 2010 (Conservation Online and Walter, 2014). 

The response rate is discussed in Section 3.5.5. The outcomes of this survey have been 

published at the Digital Heritage Conference (Hess, 2015). 

 Research method: test description and parameters tested 

In the Face-to-Face interviews, the user testing is presented in three sections (Figure 3.10.): 

 

Figure 3.10 Research method for qualitative testing 

Part 1: Use of 3D imaging in museums and institutions.  

This first part of the user testing collects statistical information about the interviewees (work, 

specialism, age, IT experience). All participants are asked the same questions about their 

Part 1: Use of 3D imaging 
in museums and 
institutions. 

•Multiple choice and 
free text form

Part 2: Tutorial. Viewing 
software

•Tasks and instructions 
on 4 different viewing 
software. 2D/ RTI 
(2.5D) and 3D

Part 3: User testing with 
tasks - 3D image quality 
evaluations 

•Mixed quantitative 
(rating scale) and 
qualitative evaluation 
(comments in free 
text, and Think Aloud 
Protocol)
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current technical equipment and current implementation of 3D digital documentation in the 

institutional workflow. [Duration ca 20 minutes]. The reports of findings are presented in 

Section 3.6, full information can be found in Appendix 9.2.2. 

Part 2: Tutorial.  

The interviewer communicates the definitions of terms in 2D / 2.5D / 3D recording to the 

participants. A practical tutorial follows with instructions for navigating in the different 3D 

and PTM (2.5D) viewing software. A brief outline of recording technologies and limitations 

are given. Examples with tasks are presented in the different viewing software with training 

tasks to prepare Part 3. [Duration ca 15 minutes]  

Part 3: User testing with tasks - 3D image quality evaluations. 

The evaluation for this research consists of a mixed quantitative (rated survey forms with a 

six graded scale) and qualitative evaluation (subjective judgement and comments by the 

interviewees). Artefacts are presented to the interviewee for comparison with the digital 3D 

objects. The tests are conducted in a semi-structured interview alongside rating of 2D, 2.5D 

and 3D digital representations of real objects, while encouraging participants to speak along 

(Think-Aloud Protocol). Parameters tested are:  

 Subjective perception of resolution and texture,  

 Viewing reactions and viewing habits of different professional specialisms  

 Exploring the digital surrogacy and authenticity of the same object in different digital 

representations with the criteria:  

o Surface features,  

o Surface legibility (decipher coins),  

o Colour fidelity,  

o General resemblance to the real object / likeness 

o Quality ranking for geometry and colour. 

This user testing yields numeric evidence of user requirements backed with stakeholders 

comments. The duration of the interview was ca 70-90 minutes. Please see Section 3.7 for a 

detailed report. 

In part 3 of the user testing, Question 2 is dedicated to testing the perception of spatial 

resolving power of 3D models. This section is therefore called resolution testing. The 

qualitative evaluation studies the visual sensitivity of users to subtle changes on a 3D 

surrogate. Parameters tested are:  

 Perception of resolution in a coloured pointcloud,  

 Appropriate / fit-for-purpose for remote condition reporting,  

 Quality ranking,  

 Lower threshold for image quality acceptance, based on Just Noticeable Differences 

(JND is detailed in Section 2.2.6).  

Please see Section 3.7.1 for a detailed report. For selected objects, the subject specialists and 

owners of the objects are called in for user testing. For each of these objects there was a 
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specific question to be considered by the heritage professionals. All interviewees are asked 

the same set of case study questions. The case studies are described in Chapter 5.  

 Technical set-up of testing / experiment 

 

Figure 3.11 Example for observer judgement 

applied to two 2D images.  The test image is 

compared directly with the reference image. 

(MacDonald and Jacobson, 2006, p. 360) 
 

Figure 3.12 Comparative testing set-up for 

Psychophysical testing 

User experiments have be modelled along ‘Psychophysical experimental methods for 

estimating image quality’ (ISO 20462, 2005a) with a defined standard display and viewing 

conditions as suggested in (ISO 3664, 2009)  for 2D image quality evaluation (Section 2.2.6).  

Figure 3.11 shows and example for observer judgement, which is used to design the user testing 

for comparative testing of 3D images as shown in Figure 3.12. 

For user testing, participants were invited into a small UCL office. Two colour calibrated 

identical standard displays were used next to each other (Dell2209WA). Objects were displayed 

under a daylight lamp (230V, 13W TrueColor tube) next to the computer screens to illuminate 

the real object for visual inspection and handling. The real objects were then placed on a neutral 

grey background pad. The background colour of the 3D digital representation was set to either 

best show the object (i.e. contrasted background to the object or same grey as the background 

of the real object). Figure 3.13 and 3.14 show the qualitative test set-up: paper rating sheets 

with pencil to the far left, two colour calibrated identical monitors in the middle. The digital 

representation of the selected objects, introduced in Table 3.1, contained 2D images / 2.5D and 

3D models, differing in attributes such as recording methods, resolution, viewing software. In 

a pre-defined order following the questionnaire, two or more digital models or images were 

presented to the interviewee on the two screens at the same time. Participants filled paper 

rankings sheets and simultaneously explored the digital models and real objects. The 

arrangement of digital representations on two screens and completion of the paper form was 

guided by the interviewees themselves.  

The resolution testing presented 3D colour pointclouds without the real object next to it (Section 

3.7.1). With this exception, participants were invited to carefully handle all artefacts for a direct 

comparison of screen and reality. The face-to-face user testing interviews and case study 

interviews were audio recorded. 
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Figure 3.13 and 3.14 Qualitative testing set-up.  

 Conducting the qualitative research 

Face-to-face interviews 

25 participants took part in the face-to-face user testing which took place at UCL from January 

to September 2013. Data was recorded via direct input on the computer by the interviewee, or 

transferred from paper ranking sheets into the online survey tool Opinio, with the exception of 

1 pilot tester who filled in the questionnaire remotely (9999). During the user testing, 

interviewees were encouraged to voice their thoughts and speak along, as they fulfilled their set 

tasks and explored the 2D and 3D digital representations. The semi-structured interview was 

audio recorded. The recordings were transcribed with the help of software Nvivo for qualitative 

data analysis; the categories were then roughly coded for emerging themes. Content analyses 

of the interviews were trialled and possible, but has been discontinued in the interest of time. 

An extraction of the four main emerging themes (user, sensor, object and viewing software) 

proved to provide the analysis with sufficient detail for discussion and conclusions. In-depth 

content analysis is certainly possible and can be exploited for a follow-on research project. After 

merging interview transcripts with ranking data and free text (Appendix 9.2.2), recurring 

themes and requirements could be identified (Section 3.7). The data is anonymized and 

participants are represented with random numbers (which are shown in round brackets for 

verbatim text). 

Online survey: extended questionnaire and recruitment of international 

participants of the heritage community 

The online survey was launched in June 2013 in order to get a larger number of answers (a 

greater sample of participants). The e-questionnaire from face-to-face interviews (part 1) was 

extended to include questions about the future of 3D imaging and necessary developments. The 

online survey has 25 questions. The author of this research was not present as participants 

answered the questions, and no artefacts in 2D or 3D images were included. The survey 

‘Current use of 3D imaging in museums and memory institutions. User requirements for 3D 

images for analysis and research use’ is available via https://opinio.ucl.ac.uk/s?s=23508 (Hess, 

2013b). From 103 personal contacts, 8% answered the survey by leaving their names. This 
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number of responses does neither include invitations forwarded to colleagues, nor finished 

surveys and anonymous responses. The invitation of email-lists (MCG, ConsDistList) certainly 

fostered greater dissemination of the survey invite. 79 people have started the (admittedly rather 

lengthy) questionnaire. The rate of 60 responses in question 12, drops to 40-45 responses in 

subsequent questions. 45 respondents have finished the complete questionnaire. Skipping of 

questions was possible. The response rate to the online survey and number of completed 

responses were satisfactory. The number of responses reflects an avid interest of the 

international audience of heritage professionals in the topic of 3D imaging of cultural heritage. 

A detailed report of findings of both surveys (face-to-face and online) is given in Section 3.6 

below. 

 Reporting and evaluation  

Firstly, the questionnaires from face-to-face and online survey (part 1, section 3.6) will be 

discussed, then outcomes of the user testing will be analysed and interpreted (part 3, Section 

3.7). The report of findings discusses emerging themes, which can be identified across 

interviews and across all presented digital surrogates. Verbatim (‘as said’) quotations, in italics, 

are used to illustrate 3D image quality requirements emerging from the analysis with the 

participants’ own voice to enhance the narrative of this account (Section 3.7). Participants have 

selected a random number to keep the reporting anonymous. To identify the participant number 

are added after verbatim quotation in round brackets, e.g. (1234). All report of findings will 

have reference to the survey questions in square brackets, for example: Question 3 is [Qu.3].  

 Graphical evaluation: diagrams and display 

To visualise the data a graphical way for reporting has been developed. Outcomes include 

multi-variant data, i.e. data in different units, which is collected in spreadsheets and then 

normalized to a value between 0-1. Values are displayed on a radar chart, plotted in a circular 

fashion. Each category is plotted on its own axis, arranged radially as equi-angular spokes 

around a central point. The minimum value is 0 at the center; the maximum value is 1 on the 

outer edge. With this graphical plot, characteristic profiles can be compiled reflecting for 

example capabilities of different sensors (Sections 3.7). The chart template is designed to 

reflect: 

 Geometry and detail from spokes 1-3 (top right part of chart). For sensor capabilities 

with quantitative metrics a greater number of spokes are used to reflect the quantitative 

testing undertaken in Chapter 4. 

 Material properties (colour, gloss, texture) on spokes 4-6 (bottom left of chart)  

 Affordance like time and cost on spokes 7-8 (top left of chart).  
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Figure 3.15 Graphic template for 3D image quality on radar chart  

3.6 Reports of findings - questionnaires about 3D image use in 

institutions and museums 

In the following section, the answers by interviewees to part 1 of the survey are discussed. 

Answers and graphics for each separate survey can be found in Appendices 9.2.2 (face-to-face) 

and 9.2.4 (online survey).  

 Participants work and technology use  

The first sets of questions were asked to find out more about the participants in this study.  

For the Face-to-face participants, the highest number of participants who described themselves 

with the same ‘professional specialism’ was archaeology (6 participants) and Computer 

scientists (3). All other disciplines choose to describe themselves with not listed ‘professional 

specialisms or were only represented by one practitioner (see Appendix 9.2.3, Graphics for 

Qu.2/3 interviews). Therefore, interpretations of specific participants’ comments in relation to 

their discipline, particularly palaeontologist/ zoologist and anthropologist, stood out by their 

eloquent and concise description. An exhaustive insight into the 3D image quality criteria by 

each profession would require a minimum of eight participants of each discipline, which was 

not possible in time of this research and must remain scope for a future project. 

 Figure 9.1 shows combined answers of face-to-face interviewees (red) and online survey 

responses (blue) Firstly participants were asked to describe their workplace, role and 

professional specialism or discipline (Appendix 9.2.6).  

Interviewees were mostly working at a museum and / or university and were at the same time 

museum professionals. Their roles were graduate students, lecturers, and museum professional 

roles participating were conservators, curators and archaeologists. Participants indicated a great 

diversity of disciplines in the field of heritage professions.  

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Qualitative evaluation of 3D image quality 

Page 115 

Online participants likewise worked mainly at the museum and/or university, but also at 

national institutions or as freelance professionals. The majority of participants were either 

researchers or graduate students. Respondent’s professional roles were similar to the 

interviewees with a majority of archaeologists and conservators.  

The next response group were other professionals related to heritage imaging: lecturer or 

teacher, project managers, engineers, 3D imaging technician and 3D graphics. [Qu.2/3 

interviews, Qu.1/2/3 online].  

About one third (ca 30%) of online survey participants was from the United Kingdom,  about 

40% from the rest of Europe, and the remaining ca. 30% other third were non-European 

respondents. Most of the European and North American respondents (ca 17%) are from 

renowned museums and heritage institutions, which they kindly listed at the end of the survey 

[Qu.5 online (list in Appendix 9.2.4)]. The largest group of participants’ are between 25 and 44 

years old [Qu.5 interviews, Qu.6 online], and most people confirm to have good to very good 

and fluent to excellent IT skills [Qu.6 interview, Qu.7 online].  

Most respondents have firm command of today’s means of communication and technology: 

personal computer, digital photography and 2D image processing (for all a response of more 

than 80% in both surveys). One third of the interviewees and more than half of the online 

respondents are already viewing and manipulating 3D images. About one third of all 

respondents are already using 3D imaging in their daily work (29% interviews, 43% online) 

[Qu.7 interview, Qu.8 online]. This was confirmed in [Qu.10 online] where users indicated that 

62% are already using 3D imaging at their workplace, and 6% are starting to explore the 

acquisition of equipment. 

Overall, while the interviewees in face-to-face user testing were predominantly from an 

academic environment, the online survey was able to reach out to a greater diversity of 

professionals in heritage institutions, who are involved in the museum work, from traditional 

roles to more technical roles (Figure 9.3). The online respondents have had more exposure to 

3D imaging and the viewing of 3D images in their daily work in comparison to face-to-face 

interviewees. There is clearly a great interest in the topic of digital 3D imaging and digital 

surrogates, which is confirmed by the large number of willing respondents from all fields of 

cultural heritage, from all over the world. Therefore, it is important to ascertain what heritage 

professionals’ motivations, aims and expectations for the use 3D digital imaging technologies 

are. This digital survey results enable the filtering of requirement profiles for 3D image quality 

indicators per professional disciplines.  

 Object size used in daily work 

While on the one hand we know from a recent survey that significant relevance of a planned 

fit-for-purpose 3D imaging activity of the 50% of 3D objects owned by European museums 

(Stroeker and Vogels, 2014) and while on the other hand there are a many commercial offers 

for 3D imaging equipment addressing smaller objects to building and excavation size (review 

in Section 2.3), it is important to confirm that the target audience of heritage professionals have 
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a demand for close-range imaging for smaller objects. Therefore, participants have been asked 

to indicate all sizes of objects that they are dealing with in their daily work. Figure 3.16 shows 

the combined answers for interviews and online responses. It is evident that the typical object 

size with the most pronounced maxima are for smaller objects between 1cm and 60cm, which 

represents 47% of the total distribution of object sizes. [Qu.8 interview Qu.9 online]. It can be 

confirmed that there is a demand for close-range object imaging, and consequently, a purpose-

built Metric Test Object with relevant size of 30cm is designed for metric quantitative 3D 

imaging experiments in Section 4.3 in this research. 

 

Figure 3.16 Object size in the daily work of heritage professionals.  Size per number of responses, 

combined numbers from interview and online survey. Multiple choices were possible. 

 Technologies for digital documentation currently used in heritage 

institutions 

The next question is exploring which equipment is already present in cultural heritage 

institutions for digital documentation including 3D imaging, Figure 3.17. While in this question 

a great number of techniques for documentation and analytical imaging are queried, this report 

concentrates on responses for optical imaging technologies. Firstly, both surveys show that the 

majority of interviewees are using digital photography, followed by 2D archived / digitized 

material, such as text and drawings, for documentation. Furthermore, looking at the percentage 

of combined values (interview and online), it can be stated that 3D laser scanning close range 

and long range, 3D handheld scanning alongside fringe / structured light projection and 

consumer grade 3D sensors seem to be more dominant for small object digitisation at the time 

of the survey. About third of heritage institutions use photography-based recording for their 

digital documentation at the time of the survey (stereo-photogrammetry, Structure from Motion 

and 2.5D (PTM/RTI). Other techniques involving more specialised equipment for 3D imaging 

is used by more than half the respondents (64%). The face-to-face interviews made no 
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distinction between SfM and RTI/PTM therefore, numbers are included in no.3 in Figure 3.17 

[Qu.9 interview/Qu.11 online]. 

 

Figure 3.17 3D digital documentation technologies currently used in heritage institutions or at work.  

Series 1 in blue is the interview data, and series 2 as red bars is the online data. 

Question [Qu.10 interview / Qu.12 online] about technologies for visitor engagement is skipped 

here, as it is not contributing the discourse of this study. 

 Participants’ motivation for 3D imaging 

The result for use of digital documentation shows that respondents were familiar with 3D 

imaging technologies. The next question investigates which motivation these technologies are 

used by cultural heritage professionals. Answers shown in Figure 9.2 are combined responses 

from online survey and face-to-face interviews.  

Questioned about their motivation to conduct 3D imaging, respondents wanted: 

1. To obtain a digital documentation (41, largest number of answers) 

2. To obtain a multimedia representation like a “digital surrogate” (35)  

3. To teach- educational opportunity (31), ranks the same as :  

To virtually reconstruct an object (31) 

4. For exact metric measurement / object geometry (29) same as  

To identify / quantify damage (29)  

5. To answer my conservation question (28) and:  

To monitor change (27) 

The main 3D imaging motivation for heritage professionals was the production of a digital 

surrogate and virtual reconstruction is followed by employing these digital surrogates for 

outreach activities such as teaching and learning. This outcome suggests that currently 

opportunities for new use of 3D technologies for visitors and learners rank above technical 

motivations, such as geometrically exact measurement, scientific and conservation related 

questions. It is suspected that users for digital surrogates see correct geometry as a given 
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prerequisite for any type of 3D imaging. However, from an imaging metrology point of view 

data is very variable in quality. However, the outcome also marks the clear need for a 

geometrically correct 3D measurement. Therefore, the research focus will be concentrated on 

form recording in Chapter 4. It can be concluded that cultural heritage professionals certainly 

see scope for using digital 2.5 and 3D imaging for research and documentation in the museum 

workflow. [Qu.11 interview / Qu.13 online]. 

 3D imaging requirements from survey 

The next three questions were constructed to find out, if heritage professionals already have 

priorities to inform specifications for 3D imaging if they would commission 3D imaging work. 

The following questions are also teasing out output criteria that would establish high 3D image 

quality for users. Requirements are queried at three points in time: before the project 

commences, during and after a 3D imaging project [Qu.12/13/14 interview, Qu.14/15/16 

online]. Graphs with percentage of combined answers from both surveys (online and face-to-

face) and shown as a graph stacked to 100%. Criteria are illustrated with tables split-up per 

survey if this gives clearer results.  

Requirements before imaging 

 

Figure 3.18 Criteria for planning before the 3D imaging project. Face-to-face interviews. 

For face-to-face interviewees thought that their direct access and possibly personal training to 

3D imaging technology is not of the main issues for 3D imaging projects. Some respondents 

think it is important but seem to rely on the responsibilities of a 3D imaging technician to do 

choose the fit-for-purpose technology and employ it for their projects. Interviewees also tended 

to find the production of high resolution images, or deliverables and outputs according to their 

own specifications more important than sensor portability. By far the most important criteria 

for 3D imaging projects was predictability of ‘time and cost’. 

The face-to-face interviewees ranked issues differently than online respondents (Figure 3.18). 

A reason for this could be that participants were mainly academic heritage professionals, 

whereas many of online respondents were also 3D imaging technicians (Section 3.6.1). 
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Figure 3.19 Criteria for planning before the 3D imaging project. Online respondents. 

The number of criteria for project planning was extended to reflect some of the comments, 

which were made by the face-to-face interviewees. The online survey participants found 

different criteria relevant to the planning and workflow before the imaging activity started than 

the interviewees (Figure 3.19) [Qu.15 online]. When asked, if planning options for repurposing 

of images from the beginning of a project was relevant, more than half of the respondents found 

it important. This same criterion has been queried again in question [Qu.17, online], for 

requirements after the 3D imaging project. Then it will be as ‘extremely important’. This 

suggests that heritage professionals should be asked to integrate ‘repurposing’ into their 

specifications at the earliest planning stage of a 3D imaging project. Online respondents found 

most of the aspects for project planning of importance: object accessibility, clarification of 

terms and conditions and copyright and the ability to integrate the 3D imaging project with 

institution standards. 85% of the online respondents agreed that a clear choice of 3D imaging 

technologies by the respondent themselves was at least important, if not extremely important. 

The same response was made for creating outputs at high-resolution or to specification. 

Likewise, about 80% of online respondents also were of the opinion that time and cost 

employed for a 3D imaging project was important to extremely important. 

In summary, the projection of cost and time for staff and production, and the clear choice of the 

fit-for-purpose imaging technology are extremely important for this group of respondents. Their 

approach seemed to be more technical and more balanced in giving many criteria weight in the 

project preparation.  
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During the 3D imaging project 

 

Figure 3.20 Criteria during the ongoing 3D imaging project. Combined responses. 

Participants were asked about the importance of a number of criteria related to the workflow 

during the 3D imaging project was happening in their institution. The importance for all criteria 

listed in the online survey was ranked as very important. Respondents seem to find all aspects 

of the ongoing 3D imaging project, from calibration of the equipment to consistency and 

traceability with metadata very important (Figure 3.20). Quality control during imaging 

procedures and high-quality outputs are very much desired by the respondents, probably due 

the fact that the greater part of the respondents is already using 3D imaging in practice [63% in 

Qu.20 online, and 47.6% Qu.17 interviews]. Surprisingly and encouragingly, there was no clear 

maximum for the time of work used for processing after the acquisition, as might maybe be 

expected. In practice, from the authors’ experience, the largest part of the time (& cost) used to 

produce a model will be in the post-processing, Figure 3.20. 

For the online survey results, filtering for imaging technicians and project managers was applied 

for this question. When filtered for ‘3D imaging technician’ the calibration of the acquisition 

system is ranked ‘extremely important’. When filtered for ‘project manager’ there were some 

responses for time of work to be ‘extremely important’ yet, the maximum lay at ‘very 

important’ [Qu.13 interview, Qu.15 online]. 
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Requirements after imaging 

 

Figure 3.21 Criteria after the ongoing 3D imaging project. Combined responses. 

Respondents were asked about criteria related to the production and outcome quality after the 

delivery of the 3D image [Qu.14 interview, Qu.16 online].  

Over half of them agreed that the following elements were at least important as project 

outcomes: the creation of a master dataset, scientific research on data and the Possibility to re-

purpose the 3D image for other uses. A consistent visual appearance was important, but 

museums professionals tended find a model with holes acceptable. They acknowledged that a 

3D scan is the archival dataset that can contain holes due to surface complexity, and that holes 

represent a further step in processing with newly added data, see 3.7.2 and following sections. 

The following three criteria were clearly the most relevant for the outcomes of a 3D imaging 

project, as they were ranked at least important to extremely important with 90% by respondents:  

 Easy navigation and viewing without specialist software (or open source) 

 The possibility to conduct accurate measurements on the 3D digital surrogate of the 

surface or the volume and for the creation of cross-sections and profiles 

 And most importantly, a high-resolution output (or according to specifications). 

Respondents had the opportunity to add free text with their own suggestions for criteria that 

were not listed. The following new criteria for 3D imaging project outcomes were named by 

different participants: easily portable to other virtual learning environments (e.g. Moodle)/ 

crack measurement/ monitor any changes in physical appearance of object with particular 

emphasis on measuring changes in the surface cracks / for use in social media / Easy navigation 

of the 3D image without major instructions (3714). (Appendix 9.2.3) 
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3D image quality criteria or indicators 

 

Figure 3.22 3D model quality, issues ranked in importance, combined values. 

Participants in both surveys were asked to rank a series of criteria in importance for a fit-for-

purpose 3D image production and a high-quality 3D image outcome (Figure 3.22) [Qu.part 3 

interview, Qu.17 online]. When asked if the correct overall geometry and metric accuracy, 

detailed surface geometry recording and recording of surface features were of importance, a 

resounding Yes and ‘extremely important’ was the prevailing answer of heritage professionals. 

Metric accuracy of different sensors will be taken up as the subject of a detailed study with 

metric quantitative tests in Chapter 4 of this research. 

More than half of the respondents found the opportunity to use the dataset for formal analysis 

important to extremely important. The understanding and concept of formal analysis varies by 

discipline. Therefore the concept should briefly be defined here. Formal analysis is according 

to interviewees:   

 Formal analysis you mean the shape and form (3755). 

 In art history, formal analysis expresses colour palette and tone (7872). 

 Comparison of forms and patters, recurring forms and key symbols across a region. 

repeating across tribes.( author) 

Issues related with colour the importance of colour recording for the work and correct colour 

recording are ranked with a maximum at important. That fact that it is not extremely important 

might astonish readers with conservation or colorimetry background. A further discussion about 

the relevance of colour fidelity for work practice of different professions is described in Section 

3.7.3 onwards. Respondents tended to find the ability to record material properties and gloss 

more important. 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Qualitative evaluation of 3D image quality 

Page 123 

 Barriers to the wider adoption of 3D scanning by the cultural heritage 

sector 

If 3D imaging technology is offering so many opportunities and advantages, as discussed in 

Sections 1.1.3 and 3.6.4, what are the main barriers for the adoption of 2.5D and 3D imaging 

in cultural heritage and museums? (Graphic see Appendix 9.2.4 [Qu.22 online]) Respondents 

agreed that major barriers were:  

 The cost of the equipment at the moment (62.8%),  

 The cost to pay specialist technicians of provide staff training (58.14%),  

 As well as problems with long term data sustainability (58.54%).  

These answers confirm the fact that heritage professionals are looking at a long term perspective 

for data preservation, and as more immediate concern, for time and cost issues. 3D imaging still 

can be time-intensive and costly. This often impedes the investment into staff time for 3D 

technician time versus a conservator who could otherwise actively use the time to conserve an 

artefact. Respondents largely agreed with the following issues:  

 It takes too long until the results can be viewed (agree 40.5%, neither agree nor disagree 

35.7%).  

 Technology has confusing specifications with an unpredictable outcome (agree 41.9%, 

neither agree nor disagree 37.2%).  

 It is difficult to harmonize 3D imaging with strategic priorities (agree 38.1%, neither 

agree nor disagree 35.7%).  

Respondents largely disagreed with the following statements: 

 That there would be long term conservation issues caused by 3D imaging (for example 

because of light-sensitive material) (neither 34.1%, disagree 31.7%) or through 

handling (disagree 41.46%).  

 Intellectual Property (IP) Rights were not seen as the major problem, as most 

respondents were neutral (16.4%) or disagreed (32.5%). 

Respondents tended to be less worried or neutral about the fact that  

 3D object does not look like the real object (material, gloss, colour, geometry). (17.7% 

agree, 46.3% neither agree nor disagree, 34.3% disagree). This is, in fact, a 

confirmation that digital surrogate object looks very much like the real object to online 

respondents. 

The survey results show that heritage professionals are very open to try 3D imaging with their 

objects without fear of damaging the artefact.  

Current barriers for adoption of 3D imaging are affected by economic issues, such as cost 

factors of equipment, and the time and cost of training provision for specialist personnel (e.g. 

professional photographers in the documentation department). Heritage professionals also 

thought that there was  

 Lacking guidance about decision making for 3D imaging sensors. 
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 No common comparison standard for manufacturer-independent testing of 

sensors (a solution will be proposed in Chapter 4 of this research). 

 The lack of a suitable workflow pipeline and unpredictable outcomes. 

 Finally, the unclear long-term sustainability of data and therefore unclear 

contribution to the strategic aims of the institution with valuable (possibly 

commercial) digital assets. 

Barriers for adoption are therefore not only equipment cost, staff time and sustainability, but 

also a confusing and not goal oriented production pipeline. 

 The future of 3D imaging in museums 

The next question in the online survey enquired which technology was seen as the most 

promising for increased adoption by museums and cultural heritage in the next five to ten years 

(Graphic see Appendix 9.2.4 [Qu.18 online]). Respondents very clearly agreed that high-

resolution photography for condition-reporting, assessment and photography would remain the 

technology of choice. The ‘Structure from Motion’ approach with professional digital SLR 

cameras (64.1%) had a future and the combination of technologies was seen to be most 

promising choice (57.58%). Over half of the respondents agreed that terrestrial laser scanning 

(56.1%); professional 2D photography for catalogues (53.85%) would be staying with the 

cultural heritage 3D imaging activities. Other technologies which are more recently established 

in the cultural heritage imaging, such as PTM/RTI, 3D handheld laser scanning, 3D scanning 

with consumer grade sensor, 3D high-resolution scanning, were rated as promising with an 

agreement of over 40%. Known and reliable 3D triangulation technologies, i.e. handheld 3D 

laser scanning were well regarded (45-55% agreement). Other technologies, like multispectral 

and hyperspectral imaging and fringe-projection scanning at ca. 55% agreement of respondents 

for possible future use. 

[Qu.19 online] enquired about what future development should be in the 3D imaging area. The 

need to further improve spatial recording was not urgent to respondents. This might be because 

it is an issue largely solved by existing photographic metrics (also Section 2.3.7). Otherwise, 

respondents agreed strongly with the following issues:  

 Integrate 3D into your workflow (agree with 56.76%) 

 Specialized personnel such as a 3D imaging technician / conservator (69.23%) 

 Equipment owned by a consortium (60.53%) 

 Common calibration standard such as a heritage test object (68.42%, addressed in this 

research in Chapter 4) 

 Improve spectral and tonal recording (57.89%) 

 And improve surface properties recording (62.16%).  

Heritage professionals were very clear that they wanted standardized data formats and long 

term sustainability (agree with 82.5%).  
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Asked, what would increase the likelihood to integrate 3D recording into their workflow today 

[Qu.21 online], respondents clearly agreed with three answers:  

 Best practice guidelines for 3D imaging of objects (77.5%)  

 A solution for long term storage and sustainability of data (76.3%)  

 3D and 2.5D images could be an asset for the institution for documentation and research 

(80.56%).  

There are some more issues ranked in the survey, and the reader is kindly asked to consult the 

Appendix 9.2.4. 

3.7 Report of findings of user testing – requirements for 3D image 

quality  

The core part of the research method described the user testing with face-to-face interviews 

(Section 3.5.3, part 3). Psychometric testing was used for the 3D image quality evaluation of 

3D coloured pointclouds, followed by the presentation of real objects to the interviewees (also 

called participants or observers in this report) next to their digital representations. The report in 

this section is structured by the emerging themes and concluded with the presentation of a new 

set of categories for 3D image quality evaluation. A report containing graphs and detailed 

numeric outcomes is available in Appendix 9.2.4.  

 Psychometric testing: smallest discernible difference 

There is currently no standard for quantitatively and metrically comparing and rating 3D 

imaging quality by an observer. Existing standards for 2D imaging quality testing have been 

described in Section 2.2.6. The testing establishes subjective evaluation of image quality by the 

observers using visual psychophysics. The aim is to produce accurate quantitative results from 

qualitative judgements (Allen et al., 2011, p. 355). This section presents a method of 3D model 

review where an attribute of a 3D digital model can be clearly described and quantified with 

the aim of producing a numeric / graphic psychometric scale of the 3D image quality. This test 

evaluates and rates the usefulness for remote condition reporting and / or detailed description 

of a 3D coloured pointcloud of a museum object, with the changing attribute of pointcloud 

density. The test also determines the degree the smallest discernible difference between 3D 

coloured pointclouds that can be detected by the observers. 

Methodology 

The technical set-up remained the same during the user testing (described in Section 3.5.4). The 

suggested rating scale of the categorical sort method for the observer judgement (classification 

of a stimulus into one of several ordered categories) (ISO 20462, 2005b, sec. 2.5) is used for 

recording responses for 3D image quality. The categories are excellent / above expectations, 

very good / favourable, good / acceptable, fair, poor, not worth keeping. The observer is 
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presented with six coloured 3D pointclouds samples (Table 3.2) which are from a high-

resolution 3D colour laser recording (details in Section 2.3.3). The 3D models represent archival 

models without processing after the recording, i.e. no hole-fill had been applied and no colour 

calibration was applied. The samples are all derived from one source dataset (sample 5) and 

therefore differ along an ordinal scale (i.e. scale of metrically defined distances) of increasing 

filtering from a point distance of 0.1mm to a point distance of 0.5mm.  

Sample 6 was added later to the testing as a result of remarks made by participants of pilot 

testing. Colour and geometry have been processed to increase clarity in the display of the 

painted decoration. 

Initially paired or triplet comparison method were considered. The experiment in this research 

has 6 samples. According to (ISO 20462, 2005a), the number of sample combinations for paired 

comparison method is expressed by N=n(n-1)2, where n stands for number of samples and N 

stands for number of combination for presentation. Therefore, in the paired comparison the 

number of sample combination with 6 samples is 15 pairs. For the triplet comparison, if the 

number of triplets is 7 the number of triplets is 7 without duplication according to the formula 

N’= n’(n’-1)/6. The guideline for the procedure is suggesting repeating the test five times 

(Section D.2.4 – ISO 20462-2:2005). 

With two screens, a simplified paired comparison from low to high on the ordinal scale was 

presented. The samples were displayed in five sample pairs in the order of 1+2, 2+3, 3+4, 4+5, 

5+6. The resolution (or point sampling distance) and therefore the density of the pointcloud is 

increasing from sample 1 to 6, the point splatter (point spot size) did slightly vary (Column E, 

Table 3.2). The pointclouds were viewed in the Pointstream software (3D Image Suite et al., 

2014) without the real object next to it. Observers were asked to rate the ‘usefulness for remote 

condition reporting and/or detailed description’ (quote from instructions). It was expected that 

an increasingly higher resolution would cause an increasingly positive evaluation. 

Practical experiment 

For some of the participants this was the first time to virtually handle a 3D digital surrogate on 

their own. All participants showed an excellent skill for visual inspection and were therefore 

visually discerning. It was immediately recognized by participants that the changing attribute 

of the 3D coloured pointcloud was the resolution or point density or point spacing (Column B, 

Table 3.2). Observers often wanted to go back and forth between the samples and often returned 

to a previous sample for comparison. 

Observers were insecure about the material, size and type of object when shown sample 1, 2 

and 3 (Figure 3.23). They were also unsure about the structural integrity of the painting 

fragment, about the reality of the geometry, and did mistake lighter colour of an accretion as 

pigment loss. Some of the phenomena observed by the interviewees can be attributed to the 

nature of the pointcloud display, varying spot sizes produce images with holes when zooming 

in as the spot size is not adaptable. Further issues of the 3D viewing program and needs are 

explored in Section 3.7.7.  
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A (coloured pointcloud of the front 

of the painting fragment) 

B (detail of 3D pointcloud 

in colour) 

C (same detail of 3D 

pointcloud in greyscale) 

Sample 1 

(red box 

showing  

detail)    

Sample 2    

Sample 3    

Sample 4    

Sample 5    

Sample 6    

Figure 3.23 Painting fragment samples for psychometric testing with increasing resolution. The full front view is shown 

(left) alongside a detail in colour (middle) and geometry-only view (right). 
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User 1893 showing increasingly positive rating from sample 1 to 5 according to hypothesis and increasing 

resolution of the sampling distance on the point cloud: 

 

User 7872 only gave out fair and poor rating, and identical ratings for samples 2-5. This user was 

underwhelmed by the quality of the 3D coloured pointclouds presented: 

 

User 4958 showing no difference between 3D image quality ranking of samples 3, 4 and 5: 

 

 User 3755 awarded a better rating for Sample 2 (very good) than for sample 3 (good), Samples 2, 4 and 5 

are rated identically: 

 

 

Figure 3.24 Four individual rating of sample resolution for samples 1-5 (Psychometric testing) 

  

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Qualitative evaluation of 3D image quality 

Page 129 

Object  3D imaging metrology (sensor values) 

Results from 
qualitative 
user testing 

Results from quantitative 
evaluation 

A B C D E F  G H 

Samples 

Sampling 
distance/ 
resolution 

3D 
points 

per inch2 
(surface 
area of 

254mm x 
254mm) 

Corresponds 
to an Image 

resolution  in 
[ppi/dpi] 

Point spot 
size for 

rendering 
in 3D 

viewer 
[mm] 

Maximum 
rating in 

Psychometric 
Testing  

x= 
Halfsampling/ 

Nyquist Limit in 
[cycles/mm] 

Spatial 
Frequency 

F=1/x 
[mm] 

Sample 
1 

0.5mm/ 500 
microns 4416 50 0.35 poor 80% 1.00 1.00 

Sample 
2 

0.4mm/ 400 
microns 7966 62 0.25 

fair 53.33% 
poor 33.33% 1.49 0.67 

Sample 
3 

0.3mm/ 300 
microns 14758 83 0.25 

good 25%, fair 
50% 1.50 0.67 

Sample 
4 

0.2mm/ 200 
microns 38085 125 0.15 

good 41.18%, 
fair 35.29 % 2.49 0.40 

Sample 
5 

0.1mm/ 100 
microns 86165 250 0.1 

very good 
29.41, good 
35.29%, fair 

23.53% 4.80 0.21 

Sample 
6 

0.1mm/ 100 
microns 

53196 
(cleaned) 250 0.1 

Rated good to 
very good, 
seldomly 
excellent.  4.80 0.21 

Table 3.2 Quantitative values for the 3D samples used for psychometric testing (Columns B, C, D, E, G, H), and 

qualitative response by users (Column F).  The calculation for Column G and H in Table 3.2 are described in the 

Spatial Frequency Response calculation in Section 4.11. 

 

Figure 3.25 Rating of resolution samples.  Increasing number of positive rating for samples 4, 5, 6. A table with 

numeric outcomes can be found in Appendix Question 2 (resolution task). 

Conclusions of psychometric testing and critique of method used 

The psychophysical experimental method, also called psychometric testing, for Just Noticeable 

Difference (JND), aimed at 2D images and photographs (ISO 20462-3, 2005), has successfully 

been adapted to testing 3D model quality by user testing in this research project. The testing 

method enabled observers to successfully rate the resolution according to judge the usefulness 

of the 3D model for remote condition reporting and detailed description, and the results can be 

analysed and quantitatively and graphically expressed (Figure 3.25).  

Initially ‘triplet comparison method’ and ‘paired comparison method’ were considered as 

testing methodology (ISO 20462, 2005a). After calculation of the number of triplets / pairs 

which would need to be tested and with considerations for participants’ stress and stability of 
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outcomes, the method was adapted to a pair comparison on two screens which is presenting 

each 3D image only twice at maximum in a pair comparison. This decision was taken in the 

interest of keeping to a maximum interview time of two hours, and in favour of including the 

presentation of a greater diversity of 3D models from different objects in subsequent testing.  

A critique of the chosen method could infer the introduction of a possible rating bias because 

test images were presented to users in order of quality, which could have given rise to an 

expectation of hierarchy and raised the expectation that the successive images would be found 

to be better even in the absence of observable differences. To judge if whether this may have 

made a difference to the test results four examples, illustrated in Figure 3.25, are demonstrating 

the variety of individual answers and that there was a clear distinction between 3D image 

quality independent from expectations of increasing resolution and sampling distance. 

 

As conclusion for this psychometric testing experiments with 3D coloured point clouds, the 

overall illustration of the rating shows that samples with increasing resolution on the ordinal 

scale increased in positive rating. Most of the observers agreed that from the resolution of 300 

microns (corresponding to 83 dpi) and higher a 3D coloured pointcloud can be rated as ‘good’. 

Samples 1 to 3 were described as useful for description and getting a general impression and 

feel for the object, but only suited for educational purposes / teaching. There was a clear line 

from the lowest resolution of 500 microns (Sample 1, corresponding to 50 dpi) and 300 microns 

(Sample 3) being judged as ‘not worth keeping’, ‘poor’ or ‘fair’, and the best resolution with 

100 microns (corresponding to 250 dpi) being judged as ‘favourable’ or ‘good’. Only one of 

the respondents said Sample 6 (100 microns) was ‘excellent / above expectations’. The 

appearance of 300 and 400 microns (Sample 2 and 3, corresponding to 62 dpi and 83 dpi) did 

not seem to have much discernible difference to most respondents.  

In summary, 100 microns or 0.1mm point spacing (corresponding to ca. 250dpi) in a 3D 

coloured pointcloud is not enough to reach enough ‘3D virtual surrogacy’ for the observers in 

order to be fully confident that the data can be used for visual inspection and remote condition 

reporting. Additionally, it was observed that a 3D model does not seem to be much help for 

condition reporting if not complemented with the real object or a high-resolution photography 

(>500dpi / high Megapixel count, and good lighting, focus, depth of field). It is therefore not 

necessarily the highest resolution that is perceived as a model a good 3D model. In the particular 

case of 3D coloured point cloud, the quality and detail of texture is directly dependent on the 

geometrical resolution. Therefore, the increase in resolution of the geometry does not 

necessarily improve the readability of the surface. The geometry is often more clearly visible 

in a shaded greyscale display (colours switched off). This result was confirmed by the higher 

rating of other digital representations, such as PTM or polygonised surface models with texture.  

It needs to be noted that guidelines given to heritage institutions, libraries and archives aimed 

at the digitisation of 2D archive material start at a spatial resolution of a minimum of 300dpi. 

The maximum sample resolution presented to the participants was 250 dpi. More recent 

technical developments of 3D recording methods, such as the new Identik 300R or the Lucida 
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scanner by ArteFactum, can provide a point spacing of 50 microns corresponding to 500dpi 

resolution. This should be much closer to the surface appearance observers are used to from 2D 

images.  

It also needs to be noted that this experiment cannot represent the same results as experiments, 

which could be carried out with 3D meshes. Future work could test visual appearance and 3D 

image quality of 3D meshes, which carry texture maps and applied bump and height maps, or 

colour per vertex meshes, and could be post-processed with different filtering procedures.  

 Findings of evaluation of 3D image quality  

The production of 3D images lies at the intersection of the topics of this research: 

1. Object and its properties  

2. User requirements: why was the object imaged?  

3. Capability of recording and sensor, 3D imaging metrology  

A further theme was recognized as relevant to the user testing 

4. Capabilities of the 3D viewing software for display  

These four themes emerging from face-to-face interviews, serve to describe requirements for 

3D image quality. The categories can each be split up in subcategories (Section 3.5.7). The 

values, normalized multi-variant data, are drafted in the equiangular spokes of the spider chart, 

Figure 3.15. Values are connected by lines and are filled with colour and form characteristic 

shapes per category or user profile. The aim is to find the best overlapping fit between 

categories, such as matching user requirements, a conservation question, to the corresponding 

sensor capabilities, the fit-for purpose sensor to deliver the relevant detail. This method helps 

to give specifications and plan the digital imaging programmes.  

 

  

Figure 3.26 Four categories for qualitative evaluation for 3D image quality in a compass rose. 
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The following sections reports on the feedback from interviewees structured along the four 

categories. User testing participant’s verbatim quotations are given alongside a detailed 

description of importance for different disciplines. 

 Objects properties 

 

Figure 3.27 Characteristic object properties on the example of the Abelam Mask.   

See case study, Section 5.2. 

Each object or museum artefact has its inherent properties for material, weight, surface 

roughness and colour, as well as complexity. Some properties of an object can be metrically 

measured with a gloss meter, a spectrometer, optical surface recording.  

The object can be described with the following properties: its surface geometry complexity, its’ 

geometric surface detail and the detail of manufacture traces or any signs of damage, its’ surface 

colour, its’ surface detail in relation to colour (texture resolution or grain) and the presence of 

shininess or spectral object properties. The object can also be described in terms of value and 

insurance cost. The generic axis of ‘time’ (west in a compass rose) is not occupied on the object 

properties, and is therefore always at 0. 

Complexity of surface geometry 

Geometrical forms like sphere, cube can be seen as an ‘easy’ geometry. Transferred to museum 

objects this would be without undercuts or complex surface geometry. Sculptures can usually 

be rated as complex. The Byzantine Ivory described in a case study has a complex geometry 

(Section 5.1). 
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Option for recording object in the round (not in chart) 

Is the object fit for handling and setting it up in the round, can it be moved and or turned? 

Limitations for optical recording might arise with very big objects, or if the object is fixed to 

the wall. This needs to be integrated into the project proposal. 

Further object properties 

Further properties are: object size, tonal properties or colour; presence of spectral object 

properties or gloss; smallest geometric detail, surface feature and signs of manufacture and 

damage; detailed texture (grain); material properties. 

 User requirements  

Users were asked to reflect on the quality of digital surrogates for the purpose of creating a 

detailed condition report and detailed documentation. The outcomes are summarized quality 

criteria on the spider chart. The spokes of this chart are discussed starting at the top, then in 

clockwise fashion.   

Visual inspection and smallest perceivable detail 

This category is aimed at geometric recording of the object with the opportunity to discern 

surface features. The identification of small surface features is essential to visual inspection of 

surface detail, damage, manufacture and change. Interviewees confirmed that a geometric 

recording in detail in the round would enable a clear comparison of the state of an object before 

and after loan. Interviewees were demanding a clarity of the detail rendering and a way to 

inspect the digital surrogate as if you would hold it in your hand or with a hand-lens. Usually, 

in conservation practice, most detailed surface information is achieved by using a microscope 

for macro viewing:  

The only other way is to view under the microscope, where you would not expect to 

see the same things as with the naked eye. (3755) 

The following list describes interviewee’s requirements for seeing and identifying details while 

conducting a visual inspection on the real object 

 Type of material 

 Inclusion in the material and material composition  

quartz in the plaster of the painting fragment (7828), In conservation we are often 

looking at the crack, because we can see the cross section, if there is any layering. 

(1893) 

 Application of paint, paint strokes. Paint should be visible / strokes should be seen 

(3714) 

 Composition of material, e.g. the plaster.  
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Looking at stability, trying to figure out what exactly the material is. In terms of a 

condition report would want the 3D model in the round to be able to fully assess the 

surface and make sure that this is not flaky and compromise, which would affect the 

paint as well. (4958) 

 Stability, structural integrity, any parts threatening to break off, in the round.  

I have been looking at the joint here because it is an important part of condition, crack 

in it, flipping it to both sides to see if it is coming down on both sides. That would be 

an important aspect of condition. (4958) 

 Friable or loose surface, any flaking of paint or abrasion of surface 

 Apparent corrosion (metal objects) or salt efflorescence 

 Crisp and clear edge details, in order to diagnose the biography of the object and 

manufacture technologies. 

One thing with ceramics, I would like to have super high definition especially on the 

breaking edges, because that defines if there are more pieces. Can we join them up 

and how would the finished piece look like. You need to know how crisp your 

breakages are. If that has been found on an excavation, they could easily be over 

cleaned. That is something you always want to know. A brittle inorganic material, like 

plastic or ceramics. (1893) 

 If the object is going on loan, participants wanted to monitor for change before, while 

and after the loan.  

Condition survey is about monitoring change, whether or not the object is going on 

loan. On loan and 6 months and back, still hard to really pick out the amount of 

change (0002) 

Consistent visual appearance complete surface information (without holes) or 

archival record with missing surface information (holes) for inspection in 

the round  

The importance of this quality indicator is very much dependent on the class of user.  

The first class of user is a heritage professional who is concerned with the accurate digital 

documentation of an object to detect and to monitor surface features or damages. In the routine 

of a condition report, the inspection in the round is of importance to detect damage and 

structural changes, which is usually achieved by carefully handling the object (Section 1.1.3). 

The inspection and understanding of the object in the round is a difficult task for photography 

or microscopy from single viewpoints and requires multiple photographs, especially for objects 

with a complex surface geometry. The user who wants to record the accurate surface detail is 

also keen on an archival record or raw data of the first record, in order to understand which data 

was really recorded by the imaging sensor. This might entail that the 3D surface information of 

the object is not complete, i.e. is showing holes or gaps in the 3D surface. 
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A second class of user is more concerned with the complete understanding of an object by 

transmitting a whole or holistic, i.e. in this case consistent, image of the object. This could be 

served by a completely watertight and closed 3D model, i.e. with complete 3D surface 

information. The closing of the holes all round might have been enabled through computational 

approximation and hole-filling. Users of this class are represented by anthropologists and 

educators who might require a consistent surface appearance with no holes in the digital 

surrogate to conduct the inspection and demonstration of the object to others in the round. 

Both, the object with holes but being a correct archival record of the object, and the 

computationally closed or hole-filled record can be appropriate 3D digital representations or 

surrogates, depending on the requirement of the user.  

 

Users found that the virtual handling for visual inspection could efficiently be simulated by the 

3D digital model in a suitable 3D viewing software:  

Is this a line here (front) that goes there, corresponding to that line (back). Does that 

mean that this bit is vulnerable and likely to start basically dropping off? Or does that 

mean that it is a really weak area. (7872) 

Therefore, the possibility to easily turn the digital surrogate around its own axis is one of the 

obvious advantages for digital recording. This also allows to display very large objects on a 

small comprehensible scale, e.g. a mammoth skeleton on a computer screen, or to enlarge very 

small objects for inspection of the detail. The inspection in the round also includes the 

inspection of tool marks and manufacturing technology. In the case of vessels and pottery, the 

inspection of the inside would be desirable including the automated creation of cross sections. 

The 3D imaging of the inside of vessels and pottery still poses difficulties for currently used 

technologies and is scope for further research. The example of the Earthen Pot was only 

digitized few cm inside (Figure 3.49). 

Details for visual and metric inspection, and option for measurement 

In the user survey, the importance of geometry and metric accuracy was ranked as extremely 

important (Section 3.6.5). This is reflecting a clear main requirement and motivation to create 

a metric accurate measurement of the 3D image. This category corresponds to the metric 

recording capabilities of a 3D sensor (Section 3.7.6). 

Details for visual inspection are of particular importance for the detection and monitoring of 

change (detailed example in case study Section 5.1) but also for other purposes, such as virtual 

reconstruction, creation of profiles etc. (Sections 1.1.3 and 3.6.4). Monitoring based on metric 

results would be advantageous and necessary if an object is going on loan. Most interviewees, 

especially curators and conservators, could see an advantage in being able to have a traceable 

geometry and colour of the object, to quantify and inspect any damage that occurred to the 

object during transport and exhibition, and when the object is coming back from a loan. In the 

current practice, photographs are taken during the conservation check before the object is 

packed for transport. These images are then compared to object and serve as a reference. They 
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are not to scale and depend largely on the skill of the photographer. An objective geometric and 

colorimetric image would be able to give a clear indication of surface loss or, if sufficiently 

resolved, a colour change on the object.   

Measurements were important for the zoologist / palaeontologist: 

Zoology is not necessarily about absolute distances between points, or accurate 

measurements, more about the dimensions; but how distance relates to other distance 

(…) The threshold for resolution can be relatively low as long as there is relative 

measurements and distances are still good (0002). 

Colour fidelity (or pleasingness) 

In the e-questionnaire the preferences for colour recording were ‘very important’ to everyone 

(Section 3.6.5). In the face-to-face surveys, the demand for colour fidelity differed amongst 

interviewees. Different specialisms of heritage professionals either have strict requirements for 

accurate colour recording, or in other cases colour recording is not necessarily needed. For 

conservators colour fidelity for hue, contrast, brightness and tone recording and display of 

subtle shifts of colour is essential to their work practice. In current museum practice, 

photographs are usually used for condition reporting and indication of damage, including a 

colour chart and a scale. Based on the interviews, conservators demand maximum colour 

fidelity across digital representations in comparison with the real object (user profile Figure 

3.30). This enables conservators to interpret the type of material or pigment used (e.g. painted 

surfaces) to detect colour changes like fading, reiterate the condition check for discoloration of 

the original material or paint colour. Inaccuracies in recording and display could produce a 

wrong diagnostic in the inspection of the object. 

 [Conservator looks at the painting fragment] For what we would need, we still need 

the colour because it is a painted surface. Seems like a painted surface and 

architectural remnant. Seems like the design and the colour are pretty significant.[…] 

What we do in condition reporting, you can always indicate damage, but not if it is in 

greyscale. (8826). 

Correct colour might give clues about treatment or the biography of the object.  

[Looks at the painting fragment] The crack is much less. Darkness or black is 

interpreted as an indent or scratch. Particularly dirty could be exaggerating. Is it 

cleaned or does it have a lot of dirt in it? (7872) 

A great number of participants in the interview were archaeologists, who were very keen on 

colour fidelity of digital surrogates. In their work practice on an excavation or when examining 

finds, archaeologist take note of the artefacts’ colour with the help of industrial colour charts 

(e.g. Munsell chart). The zoologist or palaeontologist did not see colour as essential tool for his 

work. For his daily practice morphometric measurements of surface features is used and he is 

mainly interested in geometric accuracy (user profile Figure 3.29). One user remarked that in 

museum practice there is no agreed vocabulary to describe colours for condition reporting 

(0002). 
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Museum professionals don't even have a vocabulary about changed colour, other than 

'changed from darker to light'. (…) I might judge it as not important, because we never 

had the vocabulary to look at colour. Although I do understand that you want to enjoy 

authentic colour. (0002). 

It can be concluded that colour fidelity is an essential desirable for museum practice and digital 

documentation if it can be delivered by the technology through traceable recording and 

calibration throughout the workflow. Colour recording is not the focus of this research.  

Material texture resolution  

During the interviews participants were asked to rate digital representations for colour and 

geometry display separately. One issue emerged, as the essential criteria for the judgment of a 

visual digital surrogate. The degree of detailed rendering of the coloured surface and its display 

of a sufficiently resolved texture (called graininess by interviewees) of the display is directly 

related to spatial resolution of a sensor. For inspecting the details of a surface this aspect was 

rated even as more important for visual inspection than colour fidelity. This is true especially 

for conservators and archaeologists, as it renders surface damage and changes. When presented 

with a low resolution, interviewees were complaining about how blurry or poorly resolved the 

texture was when rendered (psychometric testing Section 3.7.1).  

Cost and staff time 

The criteria for time and cost vary per heritage institution and per human resources 

management. The availability of money for 3D image programme and staff time, including 

training, can directly depend on the digitisation strategy of the heritage institution. While 

responses to both criteria were collected in the online survey and the interviews, this issue is 

discussed in other sections of this research. 

Spectral object properties (gloss) to convey material properties 

Conservators and curators are very interested in the material properties of an object, but for 

anthropologists the understanding of the material culture is of high importance, including form, 

the shape, the design optionally with or without colours.  

But from an anthropological perspective, I am interested in the form, the texture. 

Reading the object for other things. As anthropologist you are interested in the 

looking at the design of it, in what it is saying. You are not so much interested in the 

scientific measurement. You are more interested in discerning what the object is, how 

you are getting a feel for it, rather than being able to measure is or other things that 

a conservator would be interested in doing. Or a curator.(…) I am not so interested 

in looking into detail into the object. I am not trying to carry out a scientific 

assessment on a deeper scale, or like conservators trying to look at surveyillancing 

(sic!) the object. (0575) 
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The approach to material properties is grounded in the work practice of each discipline and 

might be weighted at different levels of importance, as was observed through the interviews 

with participants from different disciplines.  

Gloss conveys material properties (Section 2.2.5). While the recording of gloss properties is not 

subject of this research, it was one of the desirables of users. The real object carries these 

properties and they are remarked upon in the conservation report. For the transfer in the digital 

representations and their rendition please see subcategory 3D viewing software: spectral and 

gloss rendition (Section 3.7.6).  

 User profile extraction  

To demonstrate the extraction of user profiles from interviews or from the survey three 

specialisms are shown as characteristic graphic plot.  

Based on the interviews, the anthropologist participant tended to require the highest possible 

texture resolution and detail for visual inspection, but also inspection of the object in the round 

and a sense of the materiality of the object. While metric recording was not a requirement, the 

availability of maximum surface detail and highest resolution of the texture was needed (Figure 

3.28). 

The zoologists and palaeontologist participant stressed that he would require excellent object 

recording for size, geometric detail and inspection in the round. Related distances and 

relationships between landmarks (points) on skulls, for example, is of utmost importance, thus 

a high geometric accuracy for the recording of surface features is required. This representative 

of the palaeontologist discipline tended to be less interested in colour rendition and texture 

resolution. 3D records are used for metric analysis, morphometric measurements and damage 

monitoring (Figure 3.29). Conservators routinely use visual inspection and condition reporting 

in their working practice. Participants of the conservation discipline stressed that their quality 

indicators for a 3D digital surrogate are maximum colour fidelity, texture resolution, visual 

inspection details and a sense of the material. (Figure 3.30).  

In summary, it can be observed that 3D image quality requirements and quality indicators 

change per 3D imaging task and per participant, but that these can successfully be mapped onto 

a spider diagram. 
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Figure 3.28  Characteristic user profile: anthropologist-curator participant 

 

 

 

Figure 3.29 Characteristic user profile: palaeontologist participant 
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Figure 3.30 Characteristic user profile: conservator participant 

 Sensor recording capabilities 

  

 

Figure 3.31 ‘Recording and sensor capabilities’ to characterize a 3D imaging technology.  This radar-

chart illustrates a scanner which delivers high-quality data in all aspects (geometry, detail, colour, gloss) 

at low cost and in short time. 

 

3D imaging sensors were quantified by metric tests, described in detail in Chapter 4. These 

values in combination with user requirements (cost / time) have been normalised to values 

between 0 and 1, and are then drafted into the radar chart (Figure 3.31). The total number of 

spokes present is 11 in order to visualise the different metric tests. For comparing the sensor to 
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user requirements or object properties radar charts, three tests have been averaged to express 

metric recording capability. More detail can be found in Table 9.8. In the following sections 

sensor recording capabilities are described starting from the top in clock-wise direction: 

Capability for recording objects of different sizes (not in radar chart) 

Available sensors for different sizes of objects are presented in the review Section 2.3.3. The 

object size dictates the sensor used for recording tuned to the user requirement. A canoe of 12m 

needs a different recording strategy than a 3cm small scarab. Combined recording from 

different sensor should be considered. Very small objects might be very difficult to record with 

optical surface laser and triangulation sensors, and might require photogrammetry with the 

macro-lens. The type of sensor is also majorly be dictated by the user requirements of recording 

details for visual inspection, surface detail, damage and manufacture, smallest perceivable  

detail. 

Smallest recordable geometric detail 

This number answers the question: which is the smallest paint layer that can be recorded with 

this sensor? It might be expected that a sensor is able to record details on objects beyond our 

visual acuteness, but fine details are oftentimes only seen with the naked eye. The smallest 

significantly recordable step is clearly determined by the unidirectional plane spacing test 

(Section 4.9.3). The smallest recordable gap is also tested metrically (Section 4.10). It is directly 

related to the necessary detail of the heritage professional user to conduct a visual inspection 

with the visibility of the smallest perceivable detail.  

Capability for surface complexity in 3D  

A sensor might be quite apt at correctly recording the overall shape of the geometry, but might 

struggle with the complex geometry of object with undercuts. Reasons might be the limitations 

of a triangulation system, or by fixed axes of the recording system. Some constellations will 

cause an incomplete record of the object, for example when objects are fixed to a wall or in an 

exhibition cannot be taken off (too large, too heavy). This subcategory is relevant for the 

heritage professional as not all parts of an object might be documented if the sensor cannot 

reach them. Incomplete surface geometry (holes) will be appear in the digital model. Hole-

filling is a mathematical process that is ‘inventing’ and approximating surface data. Most 

interviewees are content that the 3D models contains holes, especially conservators are happy 

about a truthful record.   

So, as a true record of the object, it has rather got a lot of holes round the edges. 

(7355)[talking about Figure 3.23] 
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Figure 3.32 ‘Archival’ 3D model without holefilling 

Sherborne Painting fragment.  Display 

‘backfaceculling on’ shows holes in grey. 3D colour 

laser scan. 

 

Figure 3.33 ‘Archival’ 3D model without holefilling 

Sherborne Painting fragment.  Display 

‘backfaceculling off’ shows holes but background of 

the surface pointing away can be seen in darker 

colour. 3D colour laser scan. 

 

Figure 3.34 ‘Processed’ 3D model of Sherborne 

Painting fragment. Closes to consistent visual 

appearance. Display: only RGB colours shown, 

geometry ‘switched off’. 3D colour laser scan. 

 

Figure 3.35 ‘Archival ’ 3D model with holes of 

Sherborne Painting fragment.  Display: only 

geometry shown, colours ‘switched off’. 3D colour 

laser scan. 

Some users insist that it would be better to close the holes to be a comprehensible digital 

surrogate. Holes can cause a misunderstanding of the actual surface of the object. In case of 

photography or PTM, this might mean multiple side views. If the model is used for ‘local’ 

condition reporting with the object next to it, the state of the holes can be verified by the user. 

‘Consistent visual appearance’ in this context means the appearance of an object without holes 

in the surface geometry and a consistently regularly resolved cloud of points or triangular mesh 

from all sides and good colour recording. 

Metric recording capability: alignment / angle / smallest recordable gap  

The combined expression of ‘metric recording capability’ averages numeric outcomes of metric 

tests (more information in Table 9.8). The structural resolution test will be of particular interest 

to heritage professionals as it answers the question: what is the smallest gap or crack that I can 

significantly record with this sensor. 

Colour fidelity and tonal recording capability  

The recording of 2D photographs and PTM/RTI was perceived by interviewees as a good match 

between digital and real. Some 3D sensors can produce excellent geometric recordings but have 

limited capability to record the complete range of colours (Figure 2.16). The tonal recording 

qualities of the sensors used in this research are highly variable, ranging from RGB recording, 

to inbuilt cameras, with some of the sensors not recording colour. More detailed information in 

the table of the Systems Under Test (SUTs, Section 4.5.1).  
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Texture recording capability / spatial resolution 

If the texture is recorded directly with a sensor, the level of texture resolution is expressed with 

spatial resolution or Spatial Frequency Response. Photography based technologies are likely to 

give the best rendering of the texture and colour.  

The colours in the photograph look superb. The tonal colours of the red, they match 

[the real object]. Quite good. I like the way you can see dust on it The photograph 

reveals more than you can see in the real object. [zooms in]. That's incredible. To be 

able to see more in an image than you can see in real life is really strong. [Looking 

at the PTM.] For the colour and the clarity of the form the photographs are really 

good. And for understanding, and look at it, I could speak about materiality, what 

material it is. (0575) 

In many cases, colour texture is recorded with an independent inbuilt camera, and is 

subsequently mapped or fitted on top of the underlying geometry. Metric results were directly 

drawn from tests (Table 9.6 and Section 4.11). 

Spectral object properties / gloss 

As described in Section 2.2.5, most sensors currently do not record gloss or BRDF. 3D 

recording technologies fail in translating these properties into the digital surrogate. As one user 

put it: 

Unless you do a proper BRDF texture function, which you can’t do in 3D laser 

scanning or any of these technologies, you are never going to get this 

properly.(123456) 

If gloss is recorded, this is mainly by reflection into the lens and produces undesirable white 

overexposed spots on the object (Figure 3.36 and Figure 3.37). Photography and PTM is usually 

recording an ‘impression’ of object surface reflectivity and specularity, which enables the user 

to assume the object materiality. Currently an overall gloss value is assumed or assigned to an 

object to virtually suggest its materiality (material libraries are available with pre-programmed 

material properties that are independent from texture) by computer graphics rendering. Please 

consult Appendix 9.3.13 for the 3D software and viewing software used in this research. 
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Figure 3.36 Toycar: Geometry display of 3D 

colour laser scan. Example Toycar. 

 

Figure 3.37 Toycar: White ‘overexposed’ hotspots 

on the hood in colour recording of 3D laser scan. 

              

Figure 3.38 Toycar: Curator  

inspecting the object. 

Figure 3.39 Toycar: Curator comparing 3D colour 

laser scan (left) and colour photograph (right).  

Time employed and cost for 3D recording (sensor and equipment) 

Experienced 3D imaging technicians will achieve a good 3D digital model more efficiently and 

in a shorter timeframe than a beginner. The prediction of a time for 3D imaging in-situ in a 

museum and the necessary processing time to achieve a result as deliverable will depend on the 

routine of the 3D imaging technician. Experience about the time needed for imaging and cost 

of 3D imaging technologies are factors that can be integrated in characteristic sensor profiles 

(Appendix 9.3.12). 

 3D viewing software display capabilities 

3D digital surrogates are presented to the user on a 3D display. The quality of the user  interface 

(UX) and 3D viewing software utilities greatly influence if users perceive a digital surrogate as 

useful stand-in for the real object for the purpose of visual inspection. In the following the 

interview participants’ reaction to the 3D viewing software is given, and point outs some 

desirables for useful representation on screen. 
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Figure 3.40 Viewing software capabilities for 3D image quality 

Display and zooming in 

The first activity of a heritage user to understand an object, was the enlarging (‘zooming in’) 

and tumbling of 3D image. The possible magnification of the surface geometry depends not 

only on the recording resolving power, but also on the ‘rendering’ which for of the surface 

defines the capability to inspect the object in detail. Magnification certainly helped easier 

viewing for users with bad eyesight. 

In this user testing, the viewing software (Poinstream) failed to display a pointcloud as closed 

surface when zoomed in, i.e. the point splat was not interactively adapted to the viewing. The 

pointcloud was subsequently meshed to a colour-per-vertex polygonal mesh by a commercial 

software (Geomagic Studio). The same sampling distance was used as present in the pointcloud 

(i.e. 0.1mm). Furthermore no automated smoothing, reduction or holefilling was applied, i.e. it 

was a raw mesh. The mesh presentation was delivered in Meshlab software where the default 

setting for display is ‘smooth’ and the lighting can be interactively changed by the user. The 

users commented on the comparison of the two datasets: 

But the mesh seems better zoomeable, as the rendering does not disintegrate at closer 

zoom. (1300) 

But the mesh means that all the little imperfections, and spots in the paint are clearer 

on the scan. The mesh has the effect of smoothing them out. (7355) 

A difference between the dataset as a pointcloud and the dataset as a meshed surface was 

recognised and commented by all participants. The and can clearly influence the judgement for 

a condition report for the observer.  
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Figure 3.41 User testing with Sherborne painting 

fragment.as pointcloud (left) and mesh (right). 

 

Figure 3.42 Sherborne painting fragment as 

triangular mesh. 

Sense of scale of the 3D digital surrogate 

All users were interested in understanding the scale of the object in the viewer.  

Need an indication of the scale if the real object is not present. (1300) 

When handling an object its real size is immediately clear to the heritage professional. In 

conservation and archaeological photography, the scale is expressed through a measurement 

chart, or colour chart with metric scale on the side. Yet, the display of metrically correct 3D 

digital objects is mostly presented screen-filling without any indication of scale. Participants 

remarked that they were confused about real size of the object. 

 [The painting fragment is displayed. How big is it?] A couple of million points. [Not 

the model size, the object size.] I could not tell you, there is no sense of scale, the 

object is floating in space. It is a fragment of something, but could be couple of meters 

tall to very small. Unless you stick a ruler or relation next to it you don't get a sense 

of scale. Cannot tell much of a difference. (5414) 

On the computer screen you loose sense of scale, it is manipulate-able. It gets bigger 

and smaller, control how you look at it, loose the reality of what it is. (3714) 

It is extremely important for us to be able to understand the relative size of an object 

using a scaled measure (cm/m) or to have things in the image relatively in scale with 

other areas, but exact measurements (such as the mm of a depth) is slightly less 

important. (8826) 
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Figure 3.43 Knidos painting fragment overlifesize 

on screen, 3D colour laser scan. 

 

Figure 3.44 Looking at the Knidos painting 

fragment in 1:1 scale, 3D colour laser scan. 

Some 3D viewing software can display a background grid at a set distance. While some viewing 

software offers the opportunity to measure the object, others don’t, as they are a qualitative 

visualisation (2.5 D PTM). A 3D viewing software that could display the object at original life 

size at the click of a button would be appreciated by many participants. An intuitive way to 

suggest scale in virtual space is not standardised across platforms. Displays should be aimed at 

virtual handling of the object. As well as moving the object under the light intuitively, users 

would like to see the object as if with a hand lens equivalent to a magnification x10. Recent 

wearable 3D head-displays or gesture tracking for movement could offer a solution. For 

immediate implementation of scale, the inclusions of a cube of known dimensions next to the 

object would help user to identify the size of the digital surrogate.   

Consistent visual appearance, complete surface geometry 

The users were intentionally confronted with incomplete models, in a state of the ‘archival’ 

model, i.e. only what was recorded was presented even if not all surface areas of the object were 

recorded and left holes. No digital hole fill or closing the surface to a ‘watertight’ model were 

performed, as this inevitably is a mathematical approximation and subjective. This was 

explained to the participants. Some of them valued this approach.  

Problems if you are filling holes, you are adding in data that is made up. For a 

condition check that means you are having an altered image, not really valuable. 

(7872) 

Oftentimes the interviewees, especially the participants interacting with 3D models for the first 

time, are confused by the appearance of 3D models with holes. Participants were confused by 

the fact that some models did not have ‘backfaceculling’ switched on, i.e. where the object 

surface is incomplete, the surface on the other side with is facing away from the user is still 

rendered visible (Figure 3.32, Figure 3.33). They remarked that such a display could 

significantly change interpretation of the object. 

Maybe more hole filling would make it more successful. More of a sense of the thing 

(3714). 
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Figure 3.45 Earthen Pot: photograph (left), as 3D 

laser scan (colour off) and real object. 

 

Figure 3.46 Earthen Pot: 3D laser scan (colour on) 

and photograph and real object. 

 

Figure 3.47 Earthen pot: geometry display of 3D 

colour laser scan  showing a closed and consistent 

surface coverage. 

 

Figure 3.48 Earthen Pot: colour display of 3D 

colour laser scan.  Shows stitching of single records 

(horizontal lines) in slightly different colours. 

 

Figure 3.49 Earthen Pot: Inside of the pot not imaged  

by 3D colour laser scanning due to a low depth of field. 

 

Some people were very keen to get a flawless post-processed object especially with the colour 

processing, other were happy to see the rough model, as it appeared more real and directly 

displaying the recording process. The Earthen pot was shown with a very good geometry 

(Figure 3.47), but the overlaying colour was not fully smoothed out between records. Side to 

side records could be identified (Figure 3.48). One interviewee was positive about this, as it 
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showed the ‘building up’ process of the model and revealed something of the craftsmanship 

involved to produce such a model (0575). Other participants were voting it to be a bad colour 

and not enough processing. 

[talking about 3D model in Figure 3.48] This has a problem with the stitching (1893).  

Sometimes there is not much disclosure in the fact that this is an image is stitched 

together from different scans. So that bothers me less. It only means that it is more 

honest, that it shows how it has been made. (0575) 

Colour fidelity / correct colour display 

The colour display on a digital surrogate depends on the colour recording capabilities of the 

sensor and on the colour calibration of the computer screen. Heritage professionals judge the 

colour fidelity with the naked eye, and are very susceptible to minute tonal changes. They were 

generally skeptical if the colour on screen was correct if the real object was not shown next to 

the screen. A big question for the participants was the authenticity of the colour.  

And the colour is correct? How do I know whether this is how it is supposed to be? 

(3234) 

Interviewees perceived changes between the colour between real object and 3D image when 

asked to compare them. Users were able to qualitatively confirm, if the depth of the colour had 

been recorded by different imaging technologies, and if the hue has been met in comparison 

with the real object. Any changes to the digital image caused by image processing, for example 

if contrasts had been changed in the 2D image, were immediately recognized by the 

interviewees. They had a preference to rather interactively change the contrast themselves in 

the 3D image viewer (not currently possible in the interfaces). For most objects, photography 

seems most faithful to the original colour, while 3D representations struggled to match the 

original colour. A true colour acquisition and representation needs to be ensured to lead to a 

convincing representation of a virtual museum object. This includes the consistent and 

calibrated display of artefacts through colour management between recording and display.   

Display of the texture resolution  

Some heritage professions are focused on texture resolution detail and correct colour, i.e. 

conservators and curators, to establish a change of colours over time, or a colour shift at one 

particular spot (more detail in Section 3.7.4: texture recording capability). 

Details for visual inspection feature / smallest perceivable detail  

The option to display the 3D surface geometry of digital surrogates without colour usually helps 

users to better interpret surface features. Some viewing software has the option to interactively 

change the virtual lighting. As example, Figure 3.47 shows a 3D pointcloud with colour 

information and Figure 3.48 shows the same 3D pointcloud in greyscale. Interviewees liked the 

clearer display of surface features like cracks and features. They also agreed that this could be 

useful for measuring and comparing surface geometry and for morphometric analysis. 
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Interviewees also found that a greyscale display helps to abstract the view on the object (Figure 

9.34) and could enable formal analysis. Interviewees confirmed that they saw more surface 

details on the greyscale 3D model. Many picked up the real object for visual inspection to 

identify the features, which they were able to identify on the 3D image (Figure 3.48). For a 

PTM (2.5D) representations an image filters (e.g. specular enhancement) helps enhance the 

surface features of the digital representation for the inspection of surface features (Figure 3.59).  

A particularly finely engraved coin, the Sunday figures coin (Figure 3.6), was used to query the 

smallest perceivable detail needed on real object and digital surrogate to make statements about 

manufacture and damage. Users were confronted with the coin without any information about 

its provenance and inscription (Figure 3.50 to Figure 3.53. They were given a task to solve: 

Please have a look at this finely engraved coin. Can you read the inscription? Which 

tools would you usually use to read the inscription? Do the digital images give you 

more information than you can see with the naked eye? (author) 

 

 

Figure 3.50 Interviewee deciphering the Sunday 

figures coin  with the help of PTM and 3D colour 

laser scan. 

 

Figure 3.51 Interviewee deciphering the Sunday 

figures coin with his naked eyes. 

 

Figure 3.52 Interviewee deciphering the Sunday 

figures coin. 

 

Figure 3.53 Interviewee deciphering the Sunday 

figures coin  with the help of two PTMs from 

different cameras. 

For the digital surrogate viewing, interviewees demanded a crisp rendition and clarity of the 

object as if they were holding the object in their hand or look at it as if through a hand lens. 

Some aspects for the geometry detail were: need to see the exact edge so that joins could be 
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judged, to see clean edges to judge their stability (4958), but also to join fragments (3714). If 

the resolution of both colour and geometry are not sufficient it can lead to misinterpretations, 

especially if the real object is not next to the screen. Things can be interpreted as damage, 

inclusions, discolorations, that are not there.  

This looks to me like some sort of surface damage. (7872). Citation of the caveat with 

3D scan being not good quality. Need to get a crisp detail on the coin (3714). 

Picked up the surface nice here but blurry round the edges. (7872) 

There is a need for a classification of saying to which degree this is a first class scan or not. A 

quality ranking of a 3D digital representation has influence on how confident a conservator / 

curator is in the identification of damage. Interviewees found it important to be able to judge 

the stability of the surface and to interpret what is seen as damage, or efflorescence, in 

conjunction of geometry and the texture resolution.  

It has it picked up on the hole, on the scratching. In terms of geometry it has done a 

fair rendition to picking up, surprisingly good (7872). 

But often occlusions on complex surface geometry created holes in the 3D model.  

And it is interpreting things like this as a hole. (7872). 

Detailed inspection was very often most successful in the PTM representations (2.5D).  

To see the surface features is really lovely I think it picks up these surface details very 

well. (3234) 

One interviewee (scientist) asked if the geometry will be reliable after processing.  

If you were to measure this numerically, from between here and here, and then say 

over here and here, but mathematically it is correct? Would [the measurements] be 

the same in relation to the actual object? I just wondered when you said you cleaned 

it up, if it is going to be harder to take measurements because you see exactly where 

it finishes and starts. (3234) 

This is a very good remark and points towards the need to numerically document any 

uncertainty in measurement and mathematical outcomes the alignment process. The uncertainty 

of measurement, i.e. to metrically verify repeatability, is described in Section 4.7 to 4.11. 

Correct spectral properties / gloss 

In 3D viewing software, the rendering of any material is assigned an artificial default 

specularity by the 3D viewing software, which is usually the same appearance across the object. 

The interviewees were intent on understanding the material properties of an object in order to 

judge the likeness between the real object and the digital surrogate. Interviewees remarked that 

this shininess had nothing to do with the real object, and showed the object glossier than the 

reality. Interviewees found that this is introducing a ‘digital-ness’ and removed sense of the 

object. The Earthen Pot (Figure 3.2) consists of two materials, glazed clay and reed strings. 

Users remarked that the 3D model looked metallic (7872) and had a sheen (0575). Some 

interviewees comments on the Earthen Pot and its 3D laser scan (Figure 3.45, Figure 3.46): 
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The surface looks really shiny, makes think that there is a glaze on it. You can tell that 

this is slip. More light reflecting on the 3D model than on the real object. (4958) 

Visually confusing for the reproduction. It looks slightly metallic in here, whereas in 

reality it is really matt. It has a little sheen on it, but I think that is difficult to 

reproduce. (1893) 

Artefacts consist of composite materiality. The plaster on the Sherborne Abbey painting 

fragment has small inclusions of the quartz of the sand used to mix the mortar, and chalk 

residues as white matte blotches (Figure 3.5). These fine variations can easily be seen with the 

naked eye, but are not conveyed in the 3D model. In some 3D viewing software the gloss 

properties can be assigned, but difficulties arise if different intensities of surface gloss should 

be visualised on the digital surrogate. Photographs and PTM representations conveyed 

reflective values in a more understandable fashion for the interviewees. It was confirmed by 

interviewees that the surface specularity on the digital surrogate is a major factor in revealing 

the material of an object. 

Inspection of object in the round (dynamic interaction with the object)  

3D digital images were opened on the computer screen and interviewees were encouraged to 

interact with it. Sometimes it took a while until they started manipulating a 3D model. Some of 

the interviewees were asking if this could not be replaced by a whole series of 2D images in the 

round. 

The [3D] geometry is allowing me to pick up more, but I am more used to interpreting 

condition photographs, as I am more used to seeing them. The nice thing is that you 

can see all of the object. You would need a series of 2D pictures, wouldn't you. It's 

interesting. (7872) 

After the initial hesitation, most users were impressed to use the interactive tumbling and 

turning option in the 3D viewing software. The inspection of 3D geometry in the round was 

seen as very useful to inspect all sides of an object and to understand its geometry. Before 

picking up the real object, the navigation around the digital 3D model helped users to 

understand the objects’ stability and potential instability as well as conservation issues of the 

object. 

I am zooming in on the crack, because it is the thing you would be concentrating on 

in a condition report.(7355) 

The PTM (2.5D) gave users an impression of the 3D-ness of the object, but would, as 

interviewees said, require more than one view to be able to understand the full object geometry. 

An archaeologist talking about the PTM image of one of the obsidians (Figure 3.4, Figure 3.54, 

Figure 3.55) said: 

The colour quality is incredible on this one. You can't say much about the spatial 

awarance (sic!) of how the form is, I still get the sense of its graduate form. It has 

perspective, it still has a sense of its geometry. But since you can’t turn it round, you 

can't see what's underneath. You can see the different perspective. You can't make a 
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technical judgment on it, you get a feel for the object. [RTI specular enhancement 

switched on] more perspective. allow to get a better surface of the object, when you 

need to see it. But it does not allow you to do scientific research. (0575) 

 

Figure 3.54 PTM of Obsidian122, light from top 

down 

 

Figure 3.55 PTM of Obsidian122 with specular 

enhancement 

Material properties reflected in digital representation 

The materials were often recognized best in the photographical technologies, such as PTM 

(2.5D) and photographs. Instead of the “digital impression” (5777), or “feeling quite so 

artificial” (3234) of 3D surrogates, the photographs were giving away the material properties 

of an object much more readily (0575). This might be because participants more habitually 

interpret photographs for condition reporting next to the real object. Participants thought that 

material properties were not recognizable on more 3D technologies, particularly when the 

colour information was switched off.  

Anthropologists were especially interested in the perception of the materiality of the object, to 

get a sense of the object and to establish a connection with it. 

As anthropologist you are interested in the looking at the design of it, in what it is 

saying. You are not so much interested in the scientific measurement. You are more 

interested in discerning what the object is, how you are getting a feel for it, rather 

than being able to measure is or other things that a conservator would be interested 

in doing. (0575) 

One interviewee doubted that the ethnographic practice of describing material culture can be 

replicated with digital surrogates. While the geometry and colour might be visible in the 3D 

viewing software, it still might not disclose its material qualities, which would be clear in the 

real object.  

But I still don't really feel like I see a paint on a piece of plaster. It does not really 

speak to me. It still seems quite removed. (0575) 

Even though the recording of the surface geometry is achievable to a high quality, there are 

limits to the realistic rendering of the object the realm of ‘virtual surrogacy’. Many interviewees 

thought that the display of material likeness for the visual inspection needs a very high degree 

of resolution that has not been achieved with the 3D recording technologies applied in this 

study.  
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Option to manipulate light 

In conservators’ condition reporting, raking light is often used to discern small surface features 

and unevenness by creating a sharp shadow on the object. This is usually done static, on a 

photograph, or interactively by moving the light source to a sharp angle with the object. 

Participants were very keen to simulate changing light in all different digital representations. 

Some viewing software offer the opportunity to easily move the lights above and around the 

object, or move the object as if under a light source (Meshlab). This type of viewing is preferred 

as it simulates the behaviour for inspecting the surface of an object to understand its surface 

properties and material and manufacture. The handling of an object under a light source also 

reveals if the objects’ surface is shiny or matt, or if there is a surface variation of the gloss. 

Users were generally astounded by the visual quality and amount of detail which was visible 

on a 2.5D representation (PTM), where the display can be enhanced by interactively 

manipulating light and zoom into details.  

[Interviewee talking about Figure 3.58, PTM image] What I thought were 

indentations, a lot of them are actually raised! [PTM as raking light] This one looks 

raised which I did not get from the laser scanning. I think you can see changes within 

the plaster more clearly, it has a different colour than on the 3D digital model. Chalk 

amalgamation could not be seen on 3D. (4958) 

Overall heritage professionals were not overwhelmed by interfaces of the 3D viewing software 

shown to them in this qualitative research. As one user summarised the situation: 

Lack of effective, low-cost, user-friendly platforms to present 3D information to the 

public, provide for scholarly reuse (759632) 

Section 3.8 will propose issues for future work towards the improvement of 3D / 2.5D viewing 

and presentation platforms. 

3.8 Conclusions: 3D image quality evaluation by the user 

Heritage professionals engage with the interpretative possibilities of the digital surrogate 

embodied through the interaction with the screen or projection. For an effective digital surrogate 

or digital facsimile representation of the real artefact in a different medium, certainly a digital 

representation needs to aim at how best to transport the aura (Benjamin 1935) of the real into 

its digital rendition. This starts with the knowledge about quality control in the acquisition 

process for 3D imaging. 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Qualitative evaluation of 3D image quality 

Page 155 

 

Figure 3.56 PTM overview of the Sherborne 

painting fragment, front. 

 

 Figure 3.57 PTM of Sherborne painting fragment 

with top down lighting 

 

Figure 3.58 PTM of Sherborne painting fragment in 

raking light with top left lighting, raking light, 

emphasizing an accretion and the crack. 

 

Figure 3.59 PTM of Sherborne painting fragment in 

specular enhancement mode, light from top  

 Qualitative research conducted in this chapter 

The assumption at the beginning of this study was that users are satisfied with metrically correct 

geometry representation with high-colour fidelity. Already at the beginning of interviews 

heritage professional users expressed that they expected more from a high-quality authentic 

digital surrogate than geometry and colour. New aspects, which were established in this study, 

included information about surface material and detail, representation of correct and varying 

gloss and shininess of the surface. Interviewees assumed that the recording of geometry and 

form would automatically be accurately measured and that surface features would be correctly 

represented by a 3D representation. 

It was then confirmed by interviewees that a digital virtual (3D) surrogate object could carry a 

wealth of information, like a fingerprint of the real object. However, as identified by 

interviewees through repeatedly observing a variety of digital surrogates of the same object on 

screen, representations can vary widely in output quality for criteria such as spatial resolution 

and accuracy of geometry, colour, tonal and spectral qualities.  

The perception of real objects and the corresponding digital 3D image highly depends on the 

users’ viewing habits and training. Requirements for colour fidelity and geometry detail depend 

on the professional discipline of the user. Palaeontologists expressed they needed correct 

geometric surface measurements, whilst conservators were most convinced by a very good 
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qualitative representation with high texture resolution, corrected colour (by camera colour 

profile and calibrated screen) and interactive lighting to simulate raking light, such as 

PTM/RTI. Scientists were eager to learn about a defined metric uncertainty. 

 Discussion of user testing and qualitative perception of digital surrogates 

The perceived quality of the digital surrogate majorly depends on the capabilities of the 3D 

image display software, be it 2D or 3D. Very often, the viewing software is not giving justice 

to the quality of the model, and this might not be dependent primarily on the sensor capabilities. 

Some participants found it difficult to rank the objects on a scale from ‘useless’ to ‘beyond 

expectations’, but were very articulate about different aspects of the digital object 

representation. Interviewees all had a trained eye and acute sense of seeing. Slight differences, 

such as resolution and colour values, were spotted immediately by the interviewees. Yet minor 

overall colour shifts were tolerated. This was applicable across all interviewees and different 

disciplines.  

Interactive movement and navigation, such as panning and zooming and rotating, in the 2.5D 

and 3D viewing software was learned and taken up quite naturally by the interviewees. With 

minor help users were fluent within the first hour, also if they had not interacted with any 3D 

models ever before. The interpretation of 3D models on screen seemed a natural extension to 

their visual inspection habits, but certain visual effects of artefacts of 3D models needed 

explanation. Interviewees wanted to investigate, inspect and interrogate the surface of an object 

as they did with the real object (Figure 3.62, Figure 3.63, Figure 3.64). For judging the 3D 

image, they were mostly concentrating on the finest structure or most prominent surface feature 

on the object. On the Sherborne painting fragment, users tried to investigate if the width and 

edges of the crack were depicted geometrically correct in comparison with the real object. This 

is the feature they would usually look out for, in a condition report (Figure 3.61). Participants, 

who are routinely doing condition reporting in their work, were very keen on high colour 

fidelity and surface specularity values. 

Different preferences for viewing the digital representations of objects were observed: some 

participants liked to display all next to each other (Figure 3.60). Some users preferred to display 

the digital object approximately in real size or 1:1 (e.g. 3D imaging technicians or curators, 

Figure 3.44), others preferred filling the screen and going to the maximum zoom factor. The 

latter users often were scientists who are used to microscopic work or conservators who are 

used to the inspection of minute details, Figure 3.65. Curators wanted to take the digital 

surrogate object along out of the office on an iPad for checking the condition, e.g. overseas to 

an exhibition, with images and annotations. Some participants (such as scientists and 

palaeontologists) wanted to measure the objects and were wondering about the accuracy 

compared with measurements on the real object. The use for 3D for metric analysis, 

morphometric measurements and damage monitoring was seen as a strength of 3D imaging. 

Interestingly these participants were also less interested in the colour fidelity but more in the 

geometrical accuracy.  
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After conducting the 3D image quality testing as described above, many comments of 

participants confirm that the visual habits in the conservation and curation profession still seem 

more attuned to photography with perspective display and shadows. This is expressed through 

the tendency to accept a 3D model representation, rather than seeing an orthographic projection 

of the model in equalized artificial ambient light as ‘likeness’ to the real object. Habitual 

viewing mode of photographs with a resolution down to 4 microns per pixel overcomes the 

resolution of the naked eye or the viewing with a hand lens. 3D optical surface imaging based 

on triangulation could not yield this type of resolution, even though the presentation of 

pointclouds were perceived as more reliable for the visual inspection of surface geometry, and 

the presentation as surface polygon mesh was perceived as more convincing for colour and 

texture. Therefore, in the scenario of condition reporting with the real object next to the screen, 

most participants were in favour of highly-resolved textures, a qualitative but not metric 

visualisation, by PTM with a reproducible and controlled lighting environment and 

photography results. Once demonstrated, heritage professionals immediately grasped the 

usefulness of RTI, as it allows them to closely inspect the artefact with interactive lighting in 

real time, and with even closer detail (depending on the camera resolution, and of course on the 

compression of the images used) than 3D laser imaging. 

It is an unknown factor, i.e. it has not been taken into account in the overall evaluation, whether 

those user who lack familiarity with 3D particularly prefer 2D images to 3D. This factor can 

still be extracted in future analysis from the data. It is unknown at this point whether it is 

expected that users will continue to prefer 2D even when the potential of 3D becomes more 

widely known.  

Overall heritage professionals were positive about the digital surrogates and most of them 

discovered an imaging technology that they had not seen before.  

All representations have their own merit (4958). 

The capacity of the 3D image is sometimes more than the real object. (0575). 
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The following series of photographs are an overview of heritage professionals, participating in 

the user testing, using 3D imaging and the physical object for visual inspection on the example 

Sherborne Abbey Painting fragment: 

Figure 3.60 Interviewee looking at the painting 

fragments and four different digital 

representations  Sherborne painting fragment. 

 

Figure 3.61 Interviewee looking at the painting 

fragment  with a digital representation on each 

screen. The papers in front of her are the 

evaluation and ranking sheets. 

 

 

Figure 3.62 Interviewee doing a careful visual 

inspection without picking up the object. 

 

 

Figure 3.63 Careful object handling of the Painting 

Fragment. Visual inspection through a 

conservator. 
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Figure 3.64 Manipulation of the object parallel to 

the real object during user testing. 

The setup had also some challenges in 'handling' 

the virtual object at the same time as the real 

object.  

 

 

Figure 3.65 Interviewee looking at 3D colour 

laser scan of the Painting Fragment  Very close up 

zooming into the by the Art History Scientist. 

 

 

 

 Development needs for the 3D image display and/or viewing 

Participants very easily spotted visualization problems, shading problems, and rendering 

problems of the points, drifting colour towards the red and artificial gloss and specularity. It 

made the object seem very much a ‘digital impression’ (5777). More computer-graphics savvy 

participants could spot the difficulties of surface normal rendering, especially in the 

pointclouds, with different rendering artefacts (errors) for the colour and different ones for the 

geometry. 

Difficult to tell if these spots are rendering artefacts, colour artefacts, scanning 

artefacts or if they are actually exist on the physical object. I find this irritating. 

Inspect the same thing here, where the colour indicates a dent but the geometry is 

indicating a hole, difficult to believe. (5777) 

If you have seen enough of them you start to learn to interpret the data more 

systematically. Usually my experience with wall plasters is that that (white 

background) can be indicating where there isn't paint / pigment. (7872) 

The presentation of a diversity of different images and object on the screen yielded the 

following needs for development: 

 The rendering capabilities and resolution should be independent of the viewing 

software. The pointcloud rendering should be adaptive to the magnification factor of 

the zoom and dynamic, as already proposed in Qsplat by (Rusinkiewicz, 2007) with the 

option to include adaptable pointcloud rendering to optimize viewing (i.e. consistent 

point splatter rendering).  
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o Better browsers / viewing software needed. The splatting viewer is poor. 

Possibly integrated / hybrid 2D / 3D viewing software. General improved 

interfaces requested (for Touch, 3D display etc) (5777) 

 More natural user interfaces with intuitive navigation including scale display of the 

object, good surface normal rendering without flickering of colour or geometry when 

zooming in, adaptive resolution when zooming in in a pointcloud / spot size.  

 Combining different viewing software into one. A combination of multiple digital 

representations and the option for annotations would be advantageous for detailed 

description, research and condition reporting and gives the complete picture of the 

object that allows a detailed description.  

 Option for traceable post processing with clearly indicated hole fills, in a different layer 

of a different geometry colour (if colour is switched off).  

 A desirable is the option to include colour profiles in the 3D viewing software after 

calibrating the screen and after adapting colour of the 3D model, using a colour chart 

or comparison to 2D reference photography. This practice has been used in the 3DPetrie 

project, but a colour control throughout a 3D imaging project is rare. 

 As close an experience to the visual inspection as possible with being able to easily 

move the light, and colour, but also an authentic surface specular value experience. 3D 

viewer properties should not falsify the real surface gloss.  

Some users summarised requirements for a viewer: 

Personalize model, cut out detail compare different parts of the object or amongst 

objects, annotation, reuse in different context and software, data sharing, Multiple 

view screen, share object via the web and share a discussion (3303)  

3.9 Summary of qualitative evaluation for 3D image quality 

An e-questionnaire about current use of 3D imaging technologies in heritage institutions was 

completed in face-to-face interviews (25 participants) and as online survey to the international 

community, and has received satisfactory response (79 responses, 49 completed responses). 

The survey was able to gauge key information about current adoption and opinions about 3D 

imaging technologies. This study addresses the yet unsolved profiling of important 

requirements for digital surrogate objects and 3D imaging by specific heritage professions 

based on responses made. The user survey confirmed that 3D digital documentation has not yet 

been assigned a standardized procedure in museums and collections, and 3D digital 

documentation has not yet been integrated into the conservation laboratory workflow or most 

computer-based collection management systems. Current employment of digital 

documentation and a variety of imaging technologies used in museums and cultural heritage 

institutions were highlighted (Section 3.6) and show that there is interest in further adoption of 

these technologies. Priorities for 3D image quality were be highlighted in stages: before, during 

and after the 3D image production (section 3.6.5). The future of the use of 3D imaging 
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technologies was seen in promising photography-based more affordable technologies (2D, 

2.5D, photogrammetry, Structure from Motion), complemented with consumer grade sensors 

and current reliable 3D triangulation surface scanning. Barriers for adoption are not only 

equipment cost, staff time and sustainability, but also a confusing and not goal oriented or fit-

for-purpose production pipeline (Section 3.6.6). In summary, to date there are a number of 

barriers to overcome, but there is a high interest in 3D imaging technologies across heritage 

institutions and the museum sector. About one third of the participants were already using 3D 

in their workflow. 

 

In the second part of the chapter, outcomes of user testing interviews are described. A 

qualitative study has been conducted with heritage professionals as users to establish quality 

indicators for the evaluation of digital surrogates by face-to-face interviews (Section 3.7). A 

selected set of museum objects were presented next to their digital representations of different 

technologies (2D, 2.5D and 3D) on screen. Interviewees have been asked to look at these digital 

surrogates with the aim to conduct condition reporting or a detailed description. A mixed 

method approach has been used with qualitative methods, semi-structured interviews and 

Think-Aloud-protocols, while also collecting data about ranking of the quality for 3D images 

on a scale from ‘not worth keeping’ to ‘beyond expectations’ (Section 3.5.3 and following 

sections). Collected data is therefore numerical and textual from interview transcripts. Data 

analysis and reporting is based on interviewee profiles and key citations from the interviews, 

and the related quantitative data.  

Outcomes from user testing showed that all digital surrogates while they often represent a good 

likeness and visualisation from different technologies are currently still distinguishable from 

the real object, but are satisfying user requirements in different aspects with variable success. 

Whilst ‘3D image quality indicators’ include metric qualities for geometry, and correct colour, 

user testing also yielded other relevant indicators such as texture resolution and gloss as relevant 

issues to convey material properties of the digital surrogate. Variable evaluations of digital 

surrogate quality indicate the influence of subjective perception and visual habits, but the user 

interface of viewing software also influenced the ranking outcomes irrespective of scientifically 

traceable metric image quality. Desirable developments for viewing software are outlined in 

Section 3.8. The ability to understand and ‘read’ a 3D model is an acquired ability, which will 

be much more in demand as the presence of 3D models in museums increase.  

All outcomes are fundamental information for a new guideline for framework for better 3D 

recording of museum artefacts, which is introduced in Chapter 5.  

 

The following contributions to knowledge have been made in this chapter: 

 The first contribution is a detailed survey with quantitative results from a 

representative and large number of heritage and heritage professionals, which 

clearly states the status of 3D in museums, current issues for adoption and 
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development needs. The numeric evidence and verbatim evidence collected is the 

first given and went beyond previous reports in this area (review Section 2.2.1). 

 The second contribution is the adaptation of existing Visual Image Quality Metrics 

from 2D image quality assessment to 3D image quality assessment. This image 

quality assessment is usually applied in design and publishing industries for 2D 

images, and is conducted with a standard display under controlled viewing 

conditions. The relation of perceived image quality based on ‘just noticeable 

differences’ (JND) to 3D pointcloud resolution and spatial resolution has been 

demonstrated (Section 3.7.1). The systematic assessment of 3D image resolution 

can now be transferred to other projects. 

 This chapter has tackled and answered the first research question to establish 

important user requirements and 3D image quality metrics for heritage 

professionals for the tasks of condition assessment and visual inspection. The third 

contribution if this chapter is a new set of categories: 3D quality indicators have 

been developed by means of user testing with heritage professionals against which 

digital surrogate quality can be judged. Expert interviewees have yielded new 

insights and user requirements for different museum heritage professionals. These 

indicators do not only include correct shape or geometry and colour as expected. 

New results include requirements for detailed resolution of texture (spatial 

resolution), rendering of the detail (fine geometric detail) and material properties 

(as gloss) to make the digital surrogate authentic on screen.  

The following main categories were extracted as relevant to specifications for 

the production of 3D images:  

- Object and its properties  

- User requirements: why was the object imaged?  

- Capability of recording and sensor (3D imaging metrology)  

A further theme was recognized as relevant to the user testing. 

- Capabilities of the 3D viewing software for display.  

 Finally, this method allows also mapping object properties and user requirements 

by performance measures to a fit-for-purpose sensor. Once tested, the assessment 

methodology should be transferable and benefit other 3D imaging cases in 

museums and at the same time lower the barriers of adoption as important 

contribution to a more accessible 3D digital documentation. A tool for the planning 

and management of 3D imaging of one or more objects will be demonstrated in 

Chapter 5. 
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4 3D sensor capabilities testing with a Metric Test Object – 

metric quantitative evaluation 

 

Figure 4.1 Diagram of thesis structure highlighting the metric evaluation chapter. 

In Chapter 3, user requirements for a successful digital surrogate and visual 3D image quality 

indicators for research use and visual inspection have been identified by qualitative research 

through surveys and user testing with heritage professionals. The review of digital 

documentation for cultural heritage showed that existing standards and a streamlined workflow 

for controlling attributes of colour, contrast and spatial resolution of 2D images are in place and 

well established in heritage institutions (Section 2.3.7). But key attributes for metric recording 

of form and geometry are less well understood in cultural heritage use.   

This experimental chapter is therefore focussed on 3D imaging metrology for form and 

geometry recording (Figure 4.1) and will address the research question:  

Can the capability for form recording of close range 3D imaging sensors be verified by 

a purpose-built portable Metric Test Object and independently assessed by non-engineer 

users? 

This new Metric Test Object, alongside its rigorous procedures for metric quantitative sensor 

evaluation based on guidelines from engineering metrology, will be presented. The recording, 

analysis and evaluation procedures for the metric evaluation of state-of-the-art 3D close range 

recording technologies will be demonstrated on worked examples. The development of a new 

Metric (Heritage) Test Object is addressing the need for an independent evaluation tool and 

aimed at use through heritage users. Metric outcomes will meet the scientific and metric 

quantitative understanding for 3D digital data (Section 4.3). The object includes known 

geometric features, which support the testing and evaluation procedures on commercially 

available close range 3D imaging systems (Sections 4.3.1 and 4.5). The Metric Test Object is 

integral part of a proposed framework for better 3D imaging for cultural heritage objects. 
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4.1 Motivation for creating a new Metric Test Object 

Whilst current professional (high cost) technology is capable of extremely high quality metric 

outputs, there are currently no common standards or applicable guidelines about scientific 

evaluation, understanding and tendering for 3D colour digital data suited to the needs of 

heritage professional users. This poses the urgent need for a means of control and associated 

protocol to verify sensor recording capabilities and resulting 3D imaging quality independently 

of 3D scanner manufacture specifications. The scope of this work is to enable a quality control 

and verification of specifications of 3D sensors, using a newly developed Metric Test Object, 

for the non-engineering user.  

4.2 Heritage professional user needs addressed in this chapter  

The main evaluation criteria for 3D image quality of a museum object, directly informed by 

heritage professional requirements, were established in the qualitative research of this project 

(Chapter 3).  

The requirements for optical surface recording for a high-quality digital artefact are:  

A. Dimensionally correct recording of form of the original object, to support quantitative 

and qualitative comparison between artefacts of similar type and purpose  

B. Capability to accurately determine the height of a physical step or smallest 

distinguishable step (e.g. paint layer or coating etc.) 

C. Evidence and subsequent monitoring of dimensional change (e.g. depth or width of 

cracks) 

D. Detailed metric recording and visualization of object material and damage  

E. Identification and visibility of object material 

F. Traceable object colour with the option to track colour changes over time 

G. Capability to answer the users’ research or conservation question. 

Streamlined workflows for the image quality control of 2D images are already used in heritage 

institutions. Thereby requirements D, E, F and (partly) G are addressed in heritage practice. An 

example for a complete implementation is the GoldenThread System, designed for 2D Digital 

Archiving (ImageScienceAssociates, 2014).  

A workflow for sensor capability evaluation for close range 3D imaging quality parameters has 

not been made available for the use of non-engineers in heritage institutions to date. This 

research therefore develops procedures for metric quantitative evaluation focused on form 

recording capabilities addressing the important criteria A, B, C, D and G. 

In metrology, requirements and objectives for metric quantitative evaluation (sensor 

characterization tests) can be described as:  

1. Determine the smallest significant measurement of physical step or gap, taking into 

account the system specifications. 
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2. Establish a measurement procedure in order to perform manufacturer-independent re-

verification of 3D sensors for the quality parameters of form, orientation and 

dimensional characteristics 

a. sphere form error and flatness test 

b. sphere spacing error and length measurement error, 

c. unidirectional and bidirectional plane-spacing error, 

d. structural and spatial resolution  

3. Enable a clear choice of 3D imaging technology for the 3D imaging task with known 

instrument specifications and predictable outcomes 

These requirements are addressed by known reference geometries: calibrated spheres, 

geometric features such as gap, step, angle, length gauges and a 2D pattern target suitable to 

analyse spatial resolution. These features are composing one portable Metric Test Object, 

described in Section 4.3.  

4.3 Design, manufacture and description of a new portable Metric 

Test Object  

The creation of ‘test artefacts’ in engineering metrology is recognized as a tool for acceptance 

and re-verification testing of 3D imaging sensors. Founding work, test objects and evaluation 

guidelines from engineering metrology, on which this object is based is described in the review 

of ‘state-of-the-art’ (Sections 2.3.6, 2.3.8 and 2.3.9). Therefore, a new portable Metric 

(Heritage) Test Object was purpose-designed and manufactured with the aim to yield results 

for test cases representing solid (not flexible or transparent) and opaque (non-glossy) artefact 

surfaces. This has been done with the aim to create a testing procedure for non-experts and to 

explicitly address user requirements for dimensional recording emerging from qualitative user 

testing as 3D image indicators and to address emerging from the test object review in Section 

2.3.6. In this research, the expression ’artefact’ is solely used for museum objects. For 

manufactured test geometries the expression ‘geometric features’ or ‘test object’ is used. 

The object size most used by survey participants lies mainly between 10-600mm (Section 

3.6.2). The aim for the Metric Test Object in this research is in agreement with (Luhmann et 

al., 2013, p. 561) who describes a test object as ‘A reference artefact is a physically known 

object with known (calibrated) geometrical parameters. It should be economical to 

manufacture and easy to handle.’ The Metric Test Object has therefore been specifically 

designed for the characterization of close range sensors, based on area scanning or multiple-

view recording, with a depth of field of ca. 50mm to 500mm. This type of sensor is increasingly 

used by museum and heritage institutions, which are concerned with surface geometry and 

colour 3D recording of museum artefacts. Further limitations and conditions are explained in 

Section 4.3.3. 

The Metric Test Object is developed based on engineering metrology guidelines, specifically  

VDI/VDE 2634-2 (2002), VDI/VDE 2634-3 (2008) and VDI/VDE 2617-1 (2007). Its design 
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and manufacture is taking qualitative requirements into account (Section 4.1) and integrates 

metrology requirements for Metric Test Objects (Table 4.1). Materials are chosen for thermal 

stability (15-25° C). The metal surface was treated to be diffusely reflecting (lambertian). The 

Metric Test Object includes reinforced carry-case for portability and is of small size (close to 

A4 standard page size). The Metric Test Object has first been presented at ISPRS Melbourne 

in 2012 (Hess and Robson, 2012). The following section describes the elements, which form 

the new Metric Test Object. 

 Design and manufacture of portable Metric Test Object 

Metrology and user requirements for test object design  

The following elements result from a review of existing test objects (Section 2.3.6) and have 

been taken forward to form a list of metrology and user requirements for a new test object: 

General transferable case for 

testing   

The use of the object is driven by a series of procedure tests that can 

accommodate different close range 3D imaging systems and should 

represent a general transferable case for the testing of dimensional 

properties, surface geometry, colour and spatial resolution / resolving 

power. ‘And should be in conformity with existing standards and guidelines 

as far as possible. ‘(Luhmann, 2000, p. 497) 

Thermal and dimensional 

stability, portable , traceable 

The object design also needs to provide thermal and dimensional stability 

whilst remaining portable. and ‘provide traceability’ (e.g. metre) 

(Luhmann, 2000, p. 497) 

Mount for metrology table The option to be mounted on metrological tables, and in use, a significant 

advantage is provided by an object that can be precisely manipulated to 

present surface features at consistent angles to the sensing System Under 

Test (e.g. goniometric stage - optional). 

Lambertian surface Optical characteristics of each reference surface should be close to 

lambertian, so that each feature can be imaged without the need for paint 

layers or white spray. 

Procedural description of 

necessary measurements 

Measurement rules should be given in a procedural description such as: 

Minimum and maximum, and repetition of measurements to ascertain 

stability of setup and sensor. Number of repetition of bad measurements in 

case of outliers.  

Reference measurements For a true artefact verification, the test object should be calibrated, 

optimally with a measurement device that is five times more accurate than 

the systems that under test (SUT), e.g. measurement with a touch-probe 

CMM for calibration / reference values.  

Table 4.1 Requirements for the design and build of a new Metric Test Object 

Materials and methods: manufacture and description of the Metric Test Object 

The Metric ‘Heritage Test Object’ includes known surface and geometric properties which 

support comparative imaging on different 3D imaging systems and allow evaluation of sensor 

geometry, alongside colour / spectral recording and spatial resolution on a separate test plate.  

Initial design aimed to meet this broad range of requirements by bringing together a collection 

of bespoke and off-the-shelf objects and test patterns into a common physical system. This 

consists of spheres and image targets reference frame for consistent registration. In the first 

design stage, a variety of off-the-shelf components for industrial inspection were procured and 

tested for their suitability for geometric test with the aim of including elements easily available 
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for the non-expert user. Objects included calibrated class 1 slip gauges, a set of angle gauges 

features and surface roughness standards (Figure 4.2). Their surface being hardened stainless 

steel, surface treatment for 3D laser scanning would have required vapour blasting.  

First ideas were drawn up in a technical drawing in CAD for discussion with the technician 

(Figure 4.3). While this option should be considered for museums, at UCL the CEGE workshop 

was able to manufacture bespoke components by digitally programmed milling with a digital 

CNC mill (accuracy of +/-10 microns) of aluminium alloy instead ( Figure 4.4 and Figure 4.6, 

thanks to Ian Seaton, Technical Resources Manager at UCL CEGE). Calibrated tooling balls 

were also procured for the final object (Figure 4.5 ). 

Figure 4.2. Mock-up of test object.  It is 

set of Steel Slip Gauge Set M32, 

Calibration Grade 1 and Angle Block Set, 

length gauges to test step height and as 

length bar (www.mscjlindustrial.co.uk). 

 

 

Figure 4.3 Metric Test Object. CAD 

model with the designed test artefact  

which was given to the UCL CEGE 

technician.  

 

Figure 4.4 Metric Test Object. Base plate 

during manufacture with holes for 

tooling balls, inset plates during the 

manufacturing process, Aluminium Alloy, 

milled by digital CNC mill. 
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Figure 4.5 Metric Test Object elements 

during the manufacturing process.  

Tooling in protection plastic hull before 

mounting to the object. 

 

 

Figure 4.6 Metric Test Object elements 

mounted to the base plate  before 

surface treatment and mounting of the 

tooling balls. The manufacture was done 

with a digital CNC mill to specifications 

from a CAD model.  

 

 

Figure 4.7 Metric Test Object: X-ray of 

the geometric features fixed to the 

insert plate  by screws from underneath, 

visible here as light grey circles. X-ray 

courtesy of Royal Museum of Central 

Africa, Image taken during the COSCH 

STSM (Hess, 2013c) 

 

 

Surface treatment: alkaline etching of 3D geometric elements 

As detailed in the requirements for the test object design the test object ought to be a non-

specular, lambertian surface to be compatible with all optical 3D surface imaging and light 

based recording devices (Table 4.1, requirement 4). The aluminium surfaces of the prototype 

test object after CNC milling were highly reflective surfaces, which were not suitable for 3D 
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imaging with optical methods. A surface treatment method was chosen that could be adapted 

for in-house treatment in the Environmental Lab at UCL CEGE. A surface treatment by etching 

was applied to create a lambertian surface. The methodology is an adaptation from a tendered 

surface etching conducted by a commercial company in a previous research at UCL CEGE 

(Brownhill et al 2009). Contact was established with the industrial partners, who have given 

recommendations on the etching process. (Thank you to Brian Allan, Technical manager, 

Trimite Pretreatment Division and to Simon Ethridge, Director, Metroplating – Aluminium 

Treatment Specialists, UK.) The surface treatment was then conducted in-house.  

To pilot test the etching process for the optimal surface result, a series of aluminium test cubes 

(10 x 10 x 10mm) were manufactured of Aluminum Alloy Alcoa 60601-T651 using the same 

mechanical surface finishing process (CNC digital mill). Aim of the surface treatment was the 

removal of an average 50 microns of surface material through surface etching in order to create 

a uniformly matte surface. The test cubes were submerged in a solution of sodium hydroxide 

(NAOH 60g/l) for surface etching with uniform agitation of the solution, and then rinsed. The 

reaction stopped by immersing the cubes in a solution of nitric acid (HNO3  S.G. 1.42 (70%) in 

2M = 126.8ml/l). The cubes were then rinsed and dried. This was applied to all features. 

 

Figure 4.8. Surface 

treatment by alkaline 

etching in the lab:  

suspending the test 

cubes in the sodium 

hydroxide solution. 

 

Figure 4.9. Test cubes after trial run 

for alkaline etching.  lined up for 

test 3D scan establish optimal  time 

for surface treatment.  

 

Figure 4.10. Artefact lined up for 

etching.   

The test cubes were used to produce an etching time series from 1 minute to 14 minutes (Figure 

4.9). Mechanical measurement by clocking confirmed that with increasing exposure time to the 

etching agent an increasing surface reflectivity or specularity change could be introduced, and 

a surface removal ranging from 10 to 100 microns. The optimum time for the surface etching 

was established as 8 minutes and applied to the prototype. After surface treatment, all geometric 

features were then mounted onto the 3D Geometric base plate (Figure 4.12). 

A preliminary comparative report about abrasive surface treatment applied to metallic artefacts 

comparing surface chemical etching and sand vapour blasting (method 2 and 3) looks at the 

micro-topography of UCL samples of this research in comparison with NRCC samples  Vapour 

blasting has produced a more diffuse surface, whereas surface etching has produced a higher 

roughness with deep pits (Beraldin and Cournoyer, 2012). 
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Figure 4.11 Confocal laser scanning microscope with magnification of 50x of surface treatment   on test 

object a) 2 minutes chemical etching, b) 14 minutes chemical etching, c) height image of b, d) vapour 

blasting at NRC Canada 

Summary of test object manufacture and surface treatment  

In addition to designing and overseeing the manufacture of a new prototype test object for 

quality control, an adapted procedure of ‘in house’ surface treatment by etching was developed, 

then tested in a pilot trial and applied on the Metric Test Object in this research. An alkaline 

surface etching process was successfully used for treating Aluminium alloy T6061 to create a 

lambertian surface to enable optical 3D recording. The objects are now compatible for 3D 

optical imaging. To optimize the production of a standard Metric Test Object in future work, a 

more standardized and controlled manufacturing and etching process should be considered. 

This would mean the following requisites before the CNC manufacture and before the surface 

treatment: 

 Control the production of the single geometric elements of one single piece of material 

(Aluminium or Aluminium alloy), to ensure the exactly similar material properties 

and therefore same reaction to chemical treatment.  

 Clear indication of the use of metal crystal direction in relation to the manufacture of 

upward facing test surfaces for CNC milling, to avoid the phenomenon of exposing 

the metallic grain structure irregularities  

 Alternatively, use of a different homogeneous material for creating the objects (e.g. 

steel). Opportunities to enable CNC milling and further surface treatment would need 

to be checked with the workshop. 

The effectiveness of this surface treatment for optical imaging has been shown in this research, 

and a commercially tendered execution through a metallurgist would bring the following 

advantages: 

 Development of a standardized chemical procedure based on base-line experiment 

described above for a reliable and reproducible procedure in a specialized industrial 

lab.  

 Greater control over the etching reactions through larger vessels and larger amounts 

of reaction solutions for uniformly treated surfaces in the round. This would entail the 

optimization of lower percentage solution with longer etching time in favour of a 

controlled reaction and repeatable process. 

 Avoiding health and safety concerns for in-house procedures. 
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Colour control 

The x-rite chart / MiniMacbeth (X-Rite, 2012), a commercial colour reference chart, has been 

included on the reference 2D test board, Figure 4.16.It is a standard in any type of photography 

and conservation photography (Section 1.6.2). The MiniMacbeth lends itself as an optimal 

colour (2D and 3D) scanning control device to its matt surface and has a good size to be covered 

in one sweep by close range sensors. Mapping the colour recording capabilities of a 3D colour 

laser scanning into the CIElab colour space has already been achieved by (MacDonald, 2010, 

sec. 5.7–5.8) with Matlab codes the analysis of colour capacities of sensors. The application of 

this mapping of all Systems Under Test and their evaluation has to remain future work.   

Gloss evaluation 

Museum object have different shininess depending on their material and surface treatment. A 

gloss reference, the NCS gloss scale was included on the test 2D plate. It is a fan with of white, 

light grey, mid grey and black, each seven gloss levels. The gloss swatch contains the following 

values according to ISO2813, 60º. Small squares were taken out of the commercially sold NCS 

Gloss scale (Natural Colour Systems, 2012).The gloss values were verified by measurement 

with the Gloss meter by Sheen instruments (20º /60º / 85º). While values on real objects could 

possibly be compared to the existing NCR Gloss Scale (Natural Colour Systems (NCS), 2013), 

the true surface reflectance cannot currently be captured with any of the commercial 3D 

imaging systems on the market or photogrammetry. The evaluation of gloss recording must 

thus remain scope for future work.  

 Description of Metric Test Object elements 

 

Figure 4.12 Test artefact, baseplate seen from the side, surrounded by Alumina Oxide Al203 matt 

tooling balls raised on a stainless steel collar, for consistent registration. 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Metric quantitative evaluation of 3D sensor capabilities 

Page 172 

 

Figure 4.13 The new Metric Test Object. Base plate.. 

 

Figure 4.14 The new Metric Test Object. Base plate with calibrated spheres as datum and geometrical 

features to conduct form and geometric evaluation. 

 

Figure 4.15 The new Metric Test Object. Insert plates with colour and resolution targets.  

a) Top left: museum artefact plage, b) bottom left : 2D geometric target plate (preliminary Gloss scale, 

now replaced by industrial NCR gloss scale) c) right: 3D geometric target plate. 
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Figure 4.16 Metric Test Object 2D 

target plate.  showing the ISO-16067-1 

target for evaluating spatial resolution. 

Bottom left showing the NCS Gloss 

scale pieces, and bottom right the X-

Rite colour scale for colour evaluation.  

 

The Metric Test Object is composed of a 235mm x 235mm planar base plate (Figure 4.13) 

into which three secondary plates can be inserted and exchanged as needed. The base plate 

provides the physical reference onto which the three of secondary plates can be reproducibly 

attached. Situated around the base plate is an irregular array of six 20mm diameter individually 

calibrated tooling balls, made of Alumina Oxide (Al203 matt). The spheres are on a stainless 

steel collar to raise it away from the base plate to enable easier data collection below the 

equatorial plane of the sphere. The six spheres are mounted onto the base plate to provide an 

independent datum for spatial registration (i.e. alignment of recorded 3D data to the reference 

3D dataset). The white matt surface of the ceramic balls provides a cooperative surface for 

optical measurement whilst the conical base allows a high degree of sensor access to obtain 

maximum sphere surface coverage. This allows non-contact systems to perform registration of 

data without using data from the artefact surface itself, and to validate data the System Under 

Test (SUT) against reference data. Below the base plate, a threaded plate allows the object to be 

mounted onto a variety of goniometric, rotary and linear motion stages and other metrological 

tables in order to support accurate change in angle to the sensing Systems Under Test. 

A machined offset in the middle of the base plate allows three variations of 4mm anodized 

aluminium target plate to be fitted (Figure 4.15). Each secondary plate is equipped with an 

irregular array of photogrammetric targets so that it can be spatially referenced independent of 

the base plate if required. With its variable plates, the Metric Test Object is representing a 

flexible ‘three-in-one’ evaluation kit. 

1. Museum artefact plate: comprising a magnetic plate inset under plastazode, an inert 

museum conservation material. This combination allows museum objects to be placed on 

top and held in place with plastazode coated magnets (Figure 4.15a). 

2. 2D photographic target plate: to test for resolution, colour and gloss (Figure 4.15b). 

Spatial resolution and the ability to record greyscales are of importance for both 

conventional photography and 3D object recording. The 2D photographic target includes 
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established photographic test materials designed to assess spatial resolution (ISO-16067-

1), colour recording capabilities and gloss recording. The insert target plate also contains 

retro reflective targets for use on its own if there are no references of the datum spheres 

present in the scene (Figure 4.16).  

3. 3D geometric target plate: known geometric features to test sensor geometry and 

dimensional capabilities (Figure 4.15c) mounted onto the base plate. All components are 

made of Alcoa aluminium alloy T6061. As surface treatment of the aluminium, alkaline 

surface etching process was successfully used for treating the features in aluminium alloy 

T6061 to create a lambertian surface to enable optical 3D recording. The geometric 

features are fixed to the base plate by screws with a Hex (or Allen) key from underneath 

the plate, so can be exchanged in case of damage. The geometric surface features comprise 

the following elements: 

- Datum spheres with calibrated diameter. The base plate acts as datum cluster 

of spheres and photogrammetric coded targets equipped reference frame (datum) 

for consistent registration, i.e. alignment of other datasets to the reference dataset. 

- Step artefact: adjacent blocks with reference step height difference between 

0.01mm and 20.0mm to provide information about the capabilities of the 

measurement systems to measure steps/flush.   

- Angle Artefact: a series of planar surfaces in two aluminium blocks. The planar 

surfaces provide varying angles to the base from 0o through to 30o. 

- Gap artefact: eight individual blocks of the same height in combination with a 

series of seven blocks which present seven slots with reference depth of 20.0mm 

and widths from 0.1 to 3.0mm. 

- Length Control: two differently high and long gauges or length bars to provide 

dimensional control.   

A calibration certificate with reference values for the different features on the Metric Test 

Object has not been realised due to logistical reasons. Therefore, the mechanical measurements 

and SUT1 both serve as reference values for geometrical features on the Metric Test Object as 

indicated for each test (Section 4.6.2). The known degree of accuracy of verification of the 

geometric feature dimensions are listed alongside the description of the geometrical feature. 

 Limitations of Metric Test Object with regards to heritage artefacts 

The manufacture of the Metric Test Object of solid and lambertian surfaces, with the aim to 

conduct metric tests, has its limitations. The applicability of the Metric Test Object and the test 

results from it (and of the digitisation tools) for practical applications to cultural objects could 

be questioned. The Metric Test Object was manufactured with the aim to yield results for test 

cases representing solid and opaque artefact surfaces. The applicability to rigid objects with 

particular surface properties is implicit and the test object is less useful if these conditions are 

not met – e.g. for situations where the objective is 3D capture of flexible, transparent or highly 

reflective objects. It also needs to be noted that the surface of the Metric Test Object was never 
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intended to resemble heterogeneous cultural heritage artefact surfaces and materials, but is 

representing a calibrated metric set of geometric features with lambertian (i.e. diffusely 

reflecting) surface to allow a repeatable rigorous measurement and testing procedure. Heritage 

artefacts are freeform and with varying surface detail, gloss and colour; it is difficult to provide 

a dimensional calibration of the surface geometry. In experiments for comparative imaging with 

heritage artefacts, the artefact remains constant and the recording sensors change. A nominal-

actual comparison of measurement outcomes is usually performed to establish the different 

outputs of sensors in relation to the object and to each other. The best sensor is assumed to be 

the ground truth, but there is often no information about the confidence level or quality of the 

performance of this best sensor in relation to an object with known geometry. This is where the 

Metric Test Object can clearly help to raise knowledge and confidence of recording results and 

interpretations and analysis of these 3D records.  

4.4 Metric tests for sensor acceptance testing and evaluation 

 Experiment rationale for metric quantitative evaluation  

The metric quantitative evaluation of 3D imaging sensors is conducted for a set of parameters 

to evaluate the 3D sensor capabilities. The evaluation procedures are illustrated as decision tree 

in Figure 4.17. Procedures are performed identically for all datasets and aim at a statistical 

validation of results, which ensures a fair comparison among Systems Under Test (SUTs). The 

environmental condition, such as temperature and thermal expansion of the test object material, 

was not factored into the testing. The inspection and analysis of 3D data is carried out using the 

freely available and certified software GOMInspect (Conformity Assessment Services for 

Manufacturers, Appendix 9.3.11). The evaluation procedures are designed to be reproducible 

by non-metrology (i.e. non-industrial non-engineering) end users, and particularly by heritage 

professionals with training on 3D imaging sensors.   

 Metric quantitative evaluation procedures 

Characterizing a 3D imaging system for form recording uses the base plate and the ‘3D 

geometric target plate’ with its reference features. The tests are executed by using 3D data 

collected of the Metric Test Object to understand 3D imaging sensor measurement capabilities. 

Procedures used in this research aim at applicability for optical systems based on area scanning, 

as described in  VDI/VDE 2634-2 (2002),  and multiple view systems based on area scanning, 

as described in VDI/VDE 2634-3 (2008) (Section 2.3.8). The decision tree in Figure 4.17 shows 

test procedures in this research used to establish quality parameters of 3D imaging sensors for 

orientation, form, length, structural and spatial resolution.   

 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Metric quantitative evaluation of 3D sensor capabilities 

Page 176 

 

 Figure 4.17 Quality parameters and test procedures for Metric Test Object.  

  

Quality Parameter for 
acceptance/reverification test

Test procedure
Geometric feature 
used for this test

Evaluation 
method for results

Orientation / Location error

Registration using 
geometric 
elements

Calibrated datum 
spheres

Alignment error 
(RMS) in X/Y/Z 

axes 

Angularity test Angle artefact Angularity error

Form error

Probing error/ 
Circularity error 

(VDI 2634 -2 - 4.1)

Calibrated datum 
spheres

Form error on 
sphere/ Circularity

Sphere diameter 
error (RMS, 
sphere-fit 
residuals)

Flatness

(VDI 2634-2 - 4.3)

Optical Flat (not 
included on test 

object)

Repeatability of 
measurement

Systematic sensor 
recording errors 
on plane (RMS, 

plane-fit 
residuals)

Length error

Sphere spacing 
error (VDI 2634-2 -

4.2)

Distances of 
datum spheres 

centres, 8 
different lengths

Length 
measurement 

error per length

Bidirectional 
plane-spacing 

error  
Length bars

Distance error of 2 
parallel planes

Unidirectional 
plane-spacing 

error 
Step artefact

Significance test 
on distance 

measurement of 2 
parallel planes

Structural resolution  (Geometric 
resolution)

Profile test on 3D 
artefact

Gaps artefact/ 
structure normal 

Significance test 
on Gap and pit 

recording

Spatial resolution (Texture 
resolution)

Spatial frequency 
response (SFR) via 

MTF

ISO-16067-1 
chart, 2D 

photographic 
testing for spatial 

resolution

Spatial frequency 
response (SFR) 
chart, Nyquist 

limit
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 Automated data segmentation for metric quantitative evaluation 

To enable a repeatable and reproducible metric quantitative evaluation procedure across all 

Systems Under Test, a workflow for the automated extraction of geometry data for all 3D image 

test datasets was developed. It is executed in the following steps.  

1. Firstly, a nominal dataset with isolated rectangular data patches, which are extracted 

from the full geometry of the SUT1 3D reference dataset, is saved with a single file for 

each patch (Figure 4.18, Figure 4.19). The segmentation (or delimitation of a patch) of 

the reference dataset is done in the freely available software CloudCompare 

(Apppendix 9.3.11). A defined bounding box allows the selection of regular rectangular 

patches on length, steps, angle and gap features, under avoidance of edge data (example 

for step feature in Figure 4.20). Edge selection is avoided, because performance for 

edge recording is not part of the evaluation scope (for more information about edge 

recording the reader is kindly directed to (Brownhill, 2012).  

2. Subsequently the complete 3D data sets from each SUTs (described in Section 4.5) is 

registered via geometrical elements (3 spheres) to the reference dataset SUT1 into the 

same coordinate system using a rigid-body transformation (details about quality of 

alignment, Section 4.7.1).  

3. Finally, relevant 3D data patches, specifically targeted to serve the evaluation 

procedures, are automatically segmented from the datasets of each System Under Test 

and saved as single files (step1.asc, step2.asc, etc.). Processing is performed identically 

for all data sets.  

a. The required input data for automated extraction is point-cloud data (x,y,z 

coordinates) without surface normal or colour information. Polygon surface 

data (from SUT12) must be converted into pointclouds.  

b. Automated processing of these pointclouds was applied to avoid human errors 

and to minimise processing time. Segmented reference data sets from SUT1 

(step 1 above) serve as template for automatic extraction of identical patches 

across all aligned 3D data sets. This package in C++ is written by (Oliveira, 

2008) and helps efficiently store and retrieve dimensional data. This is helpful 

for the selection of small differences of features. 
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Figure 4.18 Preparation of reference dataset (SUT1) for 

segmentation. 

 

 

Figure 4.19 Segmented data patches shown 

over reference dataset (SUT1) on the 

angle feature, ready as reference patches 

for automated extraction.  

 

Figure 4.20 Segmented data patches on reference dataset (SUT1) on the step feature.  The dialogue box 

in the top right in the figure is showing the bounding box definition for the data patch of step 1, which is 

illustrated as a yellow box in the main frame of the screenshot. 

4.5 Systems Under Test (SUT)  

 Measurement equipment tested 

3D image data of the Metric Test Object was collected for a diverse range of sensors, which 

represent technologies already used by heritage professionals. In Figure 4.21 the Systems under 

Test (SUT) are presented according to their 3D imaging principle (Section 2.3). 

The metric quantitative evaluation is discussed, anonymising manufacturer details in this 

chapter. Table 4.2 below lists the equipment and systems used for this research and assigns a 

SUT number, which will be used throughout this thesis. Appendix 9.3.1 shows the list of SUTs 

including sensor type, name, manufacturer name and owner’s name and specifications. The 

experimental work with the SUTs was conducted with sensors available at UCL and sensors 

available through the Agora3D project (Semal et al., 2013). Data was collected during an EU-

COST ‘Short Term scientific mission’, which was kindly hosted by the Royal Belgian Institute 

of Natural Sciences. 
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All sensors used are triangulation techniques, Time of Flight (TOF) sensors are not included 

here. The Consumer grade sensors tested here use pattern projection. Newer models of 

consumer grade sensors (Kinect) use TOF strategy for recording, but are not tested here. 

 

 

Figure 4.21 Classification of 3D imaging technologies used for this research: area based, line based and 

point based.  This diagram is the extended diagram to Figure 2.24 showing the classification of imaging 

technologies 

 

  

Area based

Digital photogrammetry 
(image based)

Multi-image acquisition/ 
Structure from Motion (SfM): 

SUT12

Stereo image acquisition: 
SUT13

Structured light 

structured light scanner 
(sheet of light): SUT8 , SUT9 

Consumer grade sensors: 
SUT10, SUT11 (pattern 

projection)

Changing light direction 
(2.5D), aka 'relighting'

Dome based RTI/ PTM: 

SUT14

Line based
Laser line with 
triangulation

Mechanically tracked 
scanhead (arm based CMM) 

SUT3, (mirror) SUT7

Optically tracked scanhead 
(mobile CMM): SUT4

Self orienting scanhead: 

SUT5, SUT6

Point based
Point based on 
triangulation

3D colour laser scanner 

SUT1, SUT2
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3D imaging 

strategy 

Number 

of  SUT 

Description Evaluation 

including 3D 

Geometry 

tests 

Evaluation 

including 

Sphere 

measurements 

Evaluation tests 

2D: Colour and 

Spatial 

Resolution 

Point based  SUT 1 High-resolution 3D colour 

laser scanning. Reference 
dataset. 

YES YES YES / extract 

from 3D image 

Line based   SUT3 3D Handheld triangulation 

scanning, Arm-based CMM 

3D Handheld triangulation 
scanning,  

YES YES NO 

Line based   SUT4  3D Handheld triangulation 

scanning 2, optically tracked 
mobile CMM  

YES YES NO 

Line based  SUT7 Table top Triangulation 

Scanner – SUT7.  SUT7a: 

high resolution setting, 

SUT7b: medium resolution 
setting. 

YES YES YES (image from 

inbuilt camera as 

jpg, and extract 
from 3D) 

Area based – 

sensor 
excluded  

SUT8 3D structured light 

projection, high-resolution 
and colour 

NO NO YES 

Area based – 

sensor 
excluded  

 SUT9 3D structured light 

projection, high-resolution 
and colour  

YES YES NO 

Area based SUT11 Consumer grade 3D sensor 

(Kinect type), structured 
light/ solid pattern projection 

YES YES YES spatial 
resolution 

Area based  SUT12 3D Structure from Motion – 
SUT12 

YES NO YES (2D image 

and possible 

extraction from 
3D model) 

Area based  SUT13 3D Photogrammetry CMVS 

PMVS Controlled workflow 
of photogrammetry – SUT13 

YES YES YES  (2D image 

and extraction 
from 3D model) 

Table 4.2 Systems under Test (SUT) used in this research. 

 Recording environment and operator of all SUTs 

The 3D data recording sessions were conducted in a great variety of environments: in the 

museum, a regular office and even in a dissection lab in a hospital. In all cases but two (SUT1 

and SUT3) the environment was not controlled. Even though temperature and relative humidity 

were uncontrolled, temperatures were noted down, but were subsequently not factored into the 

evaluation and analysis.  

When imaging in the heritage institution (or in-situ) neither the sensor nor the Metric Test 

Object had time to acclimatize overnight. This scenario oftentimes represents the conditions for 

3D imaging with external staff and equipment being brought to a heritage institution, confirmed 

by previous project experience of the author. For the sensor evaluation for this research, in most 

cases, trained operators employed their sensors to record the Metric Test Object. They had been 

given instructions how to place the object in relation to the sensor, and to produce the best 

possible 3D data as result.  
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4.6 Metric instrument tests  

The procedures for 3D sensor capability evaluation have been developed by the author based 

on procedures from engineering metrology and statistical evaluation of 3D data. Necessary 

steps for the preparations for metric evaluation testing are described in detail in Section 5.1.6. 

The metric instrument tests are conducted in the following order of steps:  

 Select necessary procedure (Figure 4.17) to test quality parameter (Section 2.3.8)  

 Measurement procedure of the artefact  

 Calculation and analysis of results  

 Evaluation and interpretation of results (Figure 5.4) 

A synoptic overview of the outcomes off all metric quantitative procedures for the comparative 

evaluation of 3D sensors is discussed in Section 4.12.1.  

 

 

Figure 4.22 Top down view of 

Metric Test Object 3D dataset 

(SUT1) with laser line 

orientations for the feature 

recording. 

Legend: Red lines: step feature, 

green lines: angle feature, yellow 

lines: gap feature / structure 

standard, pink arrows are 

indicating face on length gauge 

that needs to be recorded. 

 3D imaging environment for SUT1 

SUT1 has been used under controlled environmental conditions. The Metric Test Object and 

sensor are left in an air-conditioned room for more than 12 hours to acclimatise. The room 

temperature (T) in the room is kept at 20º Celsius. Relative humidity (RH) is set at 50%, but 

can be regulated between 45% and 75% RH. The values on the A/C are usually double-checked 

by using a conservation-grade RH/T logger (Tinytag). This helps to adapt the room for different 

types of museum objects. The environmental conditions for SUT1 and SUT3 are as prescribed 

for metrology labs.  
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 Comment on ‘as-built’ verification of the Metric Test Object 

Usually a metric artefact would require an ‘as-built dimension verification’ with a known 

accuracy, which is significantly better than the measurement system to be tested. Usually this 

is done with a contact measurement system with well understood uncertainty. The most suitable 

tool is a Coordinate measurement machine (CMM) with a touch probe. The spatial uncertainty 

of a CMM of around 3 microns would have yielded a very high level of confidence. This 

independent as-built measurement / calibration of the Metric Test Object with a touch probe 

CMM was not conducted due to logistical reasons and has to remain scope for future work. 

However, a verification by mechanical measurement has been conducted (Section 4.6.3). 

 Mechanical measurements for ‘as built’ verification, operator 

measurement skills 

Lengths and sphere distances of the Metric Test Object were mechanically measured by 

physically touching the object using digital callipers. This serves to establish an additional 

confidence for the as built measurements, independent from digital 3D imaging with SUT1. 

The author is not routinely using callipers in her daily work. She conducted physical 

measurements with 30 independent observations of three same features over two days. 

However, the spread of results accompanied by low repeatability of measurements prompted 

to consult a specialist operator from UCL CEGE. Thermal expansion can be neglected as the 

untrained operators‘ measurements uncertainty far exceeded any such effect. Under the 

instruction of the author, and after a maintenance and calibration of the digital callipers, the 

professional operator conducted measurements on the Metric Test Object. A repeatable 

mechanical measurement of sphere distances A-B, B-C, and C-D and length bar 1 and 2, was 

demonstrated.  

The result was a high confidence, repeatability and high accuracy by the professional operator 

versus a great spread of measurement results with a very low accuracy by the non-specialist of 

mechanical measurements. The experimental standard deviation characterizing the comparison 

of an untrained operator for physical measurements was determined from the variability of 30 

independent observations of the difference in distance of three sphere pairs and was found to 

be +/-0.18mm (180 microns). The professional operator produced consistent measurements, 

which deviated 0.025mm (25 microns) from SUT1 with a known measurement uncertainty of 

+/-0.01mm. The measurements obtained by the professional operator will subsequently be used 

as reference values for further evaluation of measurements. 

This experiment showed that operator skills greatly influence 3D measurement results with 3D 

imaging sensors. The same results, i.e. measurements of very variable quality, may be true for 

a novice user of 3D imaging equipment. Even though the equipment seems simple and easy to 

use, specialist knowledge of use of these sensors is acquired by practice, which will yield good 

3D image quality as a result. There is clearly a learning curve involved in gaining the necessary 

mechanical and digital aptitudes for using measurement tools.   
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System specifications and instrument confidence test for the ‘reference’ SUT1 

The properties and specifications, in particular expected accuracy and uncertainty, of SUT1 are 

well known through close contact with the manufacturer. The level of confidence of SUT1 was 

assessed by a comparison with physical measurements and a verification of recording errors for 

an optical flat (Section 4.8.1) and structural resolution (Section 4.11).  

The 3D model from surface measurements from SUT1 will serve as a suitable reference dataset 

for comparison with other sensors. Information about the recording principle of SUT1 can be 

accessed in Section 2.3.3.   

4.7 Orientation / location error tests 

As a first metric quantitative evaluation, the orientation error test is performed according to the 

test procedure workflow shown in Figure 4.17 (and see Section 4.4.2). 

 Object coordinate system and alignment to reference dataset 

The Metric Test Object includes six calibrated irregularly-spaced spheres around the base plate 

to provide an independent datum for spatial registration (alignment).  

Firstly, a reference object coordinate system for the 3D dataset of SUT1 is set by an registration 

by 3-2-1 method for unconstrained datum definition using reference points  (Luhmann et al., 

2013, p. 342) (Luhmann et al. 2013, p.342). The method is illustrated in Figure 4.23 and Figure 

4.24 and is conducted by: 

 Fixing the x-y-z coordinates of sphere centroid C defines the origin of the object 

coordinate system (x=0/y=0/z=0). 

 Then fixing the x-y coordinates of a line between sphere centroids C and D (y=0) is set. 

The x-Axis of the Cartesian Coordinate system is therefore perpendicular to the y-Axis.  

 Finally, by fixing the z-coordinate a plane is defined between the centroids of spheres 

C-E-A spanning the largest area across the base plate (z=0). 
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Figure 4.23 Creation of the Object Coordinate 

System by the 3-2-1 method. The image shows the 

Reference Dataset (SUT1) before setting the 

Object Coordinate System. 

 

Figure 4.24 Object Coordinate System in place on 

Reference dataset (SUT1).The origin now lies on 

the centroid of Sphere C (green arrow = x-axis, 

red arrow = y-axis, blue dot intersecting on x-and 

y axis = z-axis). 

 

Secondly, in order to perform a comparative evaluation of all sensor data the alignment of all 

datasets to the reference coordinate system is necessary. The mathematical operation for an 

alignment is based on geometric elements by spheres and includes translations and rotations, 

but not scaling, of 3D metric data. The alignment of test SUT datasets to the reference dataset 

(SUT1) is created by a ‘geometry to geometry’ correspondence of three centroids from three 

fitted spheres (centroids A, C, E) as illustrated in Figure 4.25 and Figure 4.26. The sphere fitting 

is conducted as described in Section 4.8.3. The same alignment procedure is performed for all 

SUTs to keep the evaluation of alignments comparable. No further alignment step is used to 

keep subsequent processing steps across extracted data repeatable.  

 

Figure 4.25 Test dataset (green) from SUT7a and 

Reference dataset (SUT1)  before geometry to 

geometry alignment. 

 

Figure 4.26 Test dataset (green) from SUT7a and 

Reference dataset (SUT1) after alignment. 
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Method of evaluation 

The obtained alignment quality, i.e. the root mean square error (RMS) of the alignment in mm, 

can be evaluated for each SUT by calculating the square root of the sum of all sphere centroid 

residuals (A-F). The residual is the distance of resulting reference coordinates of a centroid to 

SUT coordinates of the corresponding centroid for axes xyz after the alignment to the reference 

dataset. For a worked example of the calculation, see Table 4.3. 

Worked example for alignment quality 

 

Table 4.3 Worked example for alignment quality of SUT7a. 

Analysis – registration results of all SUTs 

For all Systems Under Test the alignment to the reference dataset was successful. All 3D 

datasets showed a good visual overlap of actual dataset to reference dataset in the inspection 

software, and good metrical results were achieved (Figure 4.27 and Table 4.4).  

 

Figure 4.27 Alignment error (RMS) per SUT in [mm]. 

Alignment 
error (RMS 

in [mm]) 
per System 
Under Test 

(SUT) 

x-axis 

[mm] 

y-axis 

[mm] 

z-axis 

[mm] 

RMS SUT 3 0.027 0.040 0.096 

RMS SUT 4 0.110 0.088 0.090 

RMS SUT 

7a 0.048 0.086 0.404 

RMS SUT 

7b 0.204 0.363 0.432 

RMS SUT 
11 1.119 1.321 0.570 

RMS SUT 
12 0.615 0.873 0.433 

RMS SUT 
13 0.321 0.400 0.163 

Table 4.4 Alignment error (RMS in 

[mm]) of all SUTs.Dark red indicates 

highest RMS value. 

SUT 7a (high resolution)Reference dataset  [co-ordinates in mm]SUT 7 values after alignment [mm] Residuals  of all spheres [mm] Residual values squared [mm]

[all values in mm] Xref Yref Zref Xsut Ysut Zsut Xm-Xsut Ym-Ysut Zm-Zsut x2 y2 z2

Sphere A 

(used for alignment) -51.46 218.82 0.00 -51.46 218.82 0.00 0.000 0.000 0.000 0.000 0.000 0.000

Sphere B 0.00 125.03 0.05 -0.01 125.04 -0.03 0.006 -0.013 0.081 0.000 0.000 0.007

Sphere C 

(used for alignment) 0.00 0.00 0.00 0.01 -0.06 0.00 -0.014 0.060 0.000 0.000 0.004 0.000

Sphere D -79.94 1.28 0.14 -80.00 1.23 0.01 0.065 0.045 0.138 0.004 0.002 0.019

Sphere E 

(used for alignment) -219.56 33.51 0.00 -219.57 33.54 0.00 0.005 -0.033 0.000 0.000 0.001 0.000

Sphere F -211.55 225.44 0.01 -211.50 225.31 0.69 -0.048 0.125 -0.682 0.002 0.016 0.465

 Sum of squared 0.007 0.022 0.490

[mm] RMS x-Value RMS y-valueRMS z-value

RMS SUT 7a 0.048 0.086 0.404
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Interpretation 

The alignment quality of the Systems Under Test varies per system (Figure 4.27, Table 4.4). In 

all cases except SUT7a and SUT7b the alignment quality in z-axis is better (lower RMS) than 

the values for the x- and y-axis. The alignment quality for SUT3, SUT4 and SUT7a/b are not 

exceeding 0.10mm, with the outliers for SUT7a / SUT7b in z-axis (RMS>0.40mm). SUT7b 

and SUT13 show similar values with an RMS between 0.16mm and 0.43mm. SUT11 and 

SUT12 show the highest values of the alignment with RMS between 0.43mm and 1.3mm, 

which for SUT11 are still surprisingly good for a consumer grade 3D sensor. In summary, high 

quality alignment results are reached by laser-line, and point-based systems, while multi-view 

photogrammetry (SUT12, SUT13) and consumer grade 3D sensor (SUT11) show higher values 

of the RMS alignment error throughout. 

 Angle error Ea 

Manufacturer specifications do not usually include the angular fidelity, and therefore the angle 

feature included on the Metric Test Object helps to plan the recording of complex surfaces. The 

angle error Ea is described as characterization for 3D imaging systems orientation in Section 

2.3.8. The angle feature is a series of planar surfaces in two aluminium blocks with planar 

upward facing surfaces provide varying angles to the base from 0o through to 30o (Figure 4.28). 

The reference angles ar are measured from SUT1 in degrees [°] after surface treatment. 

To conduct the angle error evaluation, upward facing planes on the geometric feature are 

recorded from a top down view. For multi-view systems, other recording angles are accepted. 

For line-based or point-based systems (as well as fringe projection), the direction for feature 

recording is indicated in green in Figure 4.24. It should additionally be indicated in the 

evaluation report which recording directions were used (i.e. 45° in the round). After the 

automated patch segmentation (example in Figure 4.19) an unconstrained plane-fit is performed 

for each angle (Gaussian, 3 Sigma). The reference angles ar stem from the SUT1 dataset. For 

completeness of the documentation, the machined angle before surface treatment is included in 

Table 4.5 and Table 4.6. 

The angularity test for angle error Ea will evaluate: 

 The quality of the plane-fit and the data collection of the upward facing surfaces via 

plane-fit parameters: standard deviation (sigma) in mm, residual (fitting error) in mm, 

unsigned maximum deviation in mm, number of points used for sphere-fit, and 

comment on coverage of extracted patches. This test is evaluating if the measurement 

of the system is decreasing with increasing angular deflection and if specular highlights 

occur for a specific imaging directions or a specific set of angles.  

 The deviation of the measured angle am of the known angular deflection ar in degrees 

[°] from the nominal datum plane, which is created by the nominal sphere centroids C-

A-E .  
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Figure 4.28 Photograph of the angle artefacton the Metric Test 

Object seen from top left. 

 

Angle (from 

small to 

large) 

Nominal angle 

before etching 

[°] 

Angle 0 0.0 

Angle 1 0.5 

Angle 2 1.0 

Angle 3 2.0 

Angle 4 3.0 

Angle 5 4.0 

Angle 6 5.0 

Angle 7 10.0 

Angle 8 15.0 

Angle 9 20.0 

Angle 10 25.0 

Angle 11 30.0 

 

Table 4.5 Angles names and values  
 

  

Figure 4.29 Metric quantitative evaluation of angle error through plane-fitting in inspection software 
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Worked example SUT 7a  

Angle  

Angle 

before 

etching 

Reference 

angles ar 

from SUT 1 

[°] 

Actual 

angles am 

SUT7a  [°] 

Angle error 

Ea for SUT7a  

Ea = ar - am 

[°] 

Analysis of plane-fit  SUT7a per 

angle (Standard deviation σ 

[mm] / Residual [mm] / max 

deviation [mm] , number of 

points) 

Angle 0 0.00° 0.33 0.03 -0.29  

σ [mm] = 0.08  

R [mm] = 0.05  

max. dev [mm]=0.29 

no. of points=10318 

Angle 11 30.00° 29.99 29.94 -0.05 

σ [mm] = 0.03 

R [mm] 0.02 

max. dev [mm]=0.11 

no. of points=11936 

Table 4.6 Worked example for Angle error Ea for SUT7a.  Only Angle 0 and Angle 11 are shown here. 

Further metric angle results for all angles of SUT7a can be found in Table 9.4 in Appendix 9.3.8. 

 

Figure 4.30 Number of points used for plane-fit from smallest to largest angle – SUT7a (high-res). 

The quality of data collection is evaluated for a System Under Test. SUT7a is recording an 

average of 10730 points per patch, fifteen times (15x) the number of points than in medium 

resolution with the same sensor SUT7b, (Figure 4.31). The trend to record an increasing number 

of points with increasing angle is persistent. Overall, SUT7a shows a consistent number of 

points and coverage of the surface per angle. The quality of the plane-fit remains at an average 

standard deviation of 0.5mm, and the maximum deviation is slightly above values of 

manufacturer specifications, which details an accuracy of +/- 0.13mm. The measured angle for 

SUT7a is consistently smaller than the reference value with an average of angle error of Ea  = 

-0.17º, and the largest signed value of Ea = -0.29º. 

 Analysis - Angle error Ea of all SUTs 

A complete table with values of the angle error Ea for all SUTs is shown in Appendix 9.3.8.  
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Figure 4.31 Average number of points used for plane-fitting for angle error test. 

 

Figure 4.32 Angle error Ea of all SUTs , shown per SUT 
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Figure 4.33 Angle error Ea of all SUTs per angle of the test artefact. 

 

Figure 4.34 Angle error Ea of all SUTs per angle of the test artefact (without SUT11).  

Interpretation 

The angle error test shows that a detailed evaluation can be undertaken to evaluate  

 The quality of the data collection and data coverage of upward facing surfaces correlate 

with increasing angular deflection for specific imaging directions or a specific set of 

angles (Figure 4.33 and Figure 4.34) 

 Detailed metric values of plane-fits in relation to angle direction and patch coverage 

(Table 4.6) 
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 Angle error Ea of a SUT with the value of the deviation from a known angle in relation 

to the datum plane (Figure 4.32) 

Data quality / coverage:   

The reference dataset by SUT1 shows a consistent and very good coverage with a pointcloud 

with very little noise and an average number of points at 7500 (Figure 4.31). SUT3 shows 

consistent coverage with very good results, but at a point count that is sixteen times higher than 

SUT1. SUT4 shows an incomplete coverage for the angle at 25º. Consequently, the plane fit is 

only 75% of the real length. 10º and 15º angles seem to have a visible step in the pointcloud. 

There is a low point count on angles with 25º and 30º, but otherwise has a consistent average 

number of points. SUT7b shows good coverage for the extracted patches with a consistent 

number of points, except 0º, 0.5º and 2.0º, which have only 90% data coverage. The trend to 

record an increasing number of points with increasing angle is similar to SUT7a (discussed 

above as worked example). SUT 11, the consumer-grade 3D sensor, delivers full coverage of 

the angles with the lowest point count per plane (average count of 214 pts / plane) in comparison 

to other SUTs. The number of points collected decreases between the angles 2º to 20º. The 

multi-image photogrammetry systems SUT12 / SUT13 deliver both a good coverage due to the 

imaging angle from a top view and several views around the object with the highest number of 

points per plane-fit occur for angles between 5-15º for SUT12 and at steeper angles for SUT13. 

SUT12 delivers a higher number of points from the extraction.  

Angle error Ea 

A table with the deviations illustrated per system shows the maxima and minima of the angular 

deviations, which varies per System Under Test (Figure 4.32). The largest error is shown by 

SUT11 with a maximum of +1.27º and a minimum of -1.23º, which is followed by SUT12 with 

+0.18 to -0.23º deviation (Figure 4.32). To understand, if the angular deviations are systematic, 

the table illustrated with deviation per angle in Figure 4.33, and for a closer view Figure 4.34 

without SUT11. Most SUTs show a trend to record the smaller angles (0º-4º) with a negative 

deviation, and tend to record larger angles with a higher positive deviation (5º-30º) (Figure 

4.34). The most consistent angular performance of all SUTs is delivered by handheld laser line 

scanner SUT3 with small angular deviations for all angles, as the scanning angle could be 

changed while scanning by the professional operator. Remarkable is the large amount of points 

collected by this scan head in comparison with other systems (Figure 4.31). A similar consistent 

deviation can be observed for the handheld system SUT4 for similar reasons. Similar results 

can also be observed for SUT7a and SUT7b. 

As overall observation for the angle error, it can be said that for the type of material used on the 

angle feature (etched metal) the angular recording shows the smallest error at angles between 

20º -30º from the plane, i.e. 70º -60º in relation to the sensor optics form a top view.  
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4.8 Form measurement tests 

 Flatness test / flatness measurement error F 

The flatness test is described as characterization for form recording of 3D imaging systems in 

Section 2.3.8. The evaluation is conducted by recording a flat from six different position within 

the recording volume, in order to exclude systematic recording errors from a specific recording 

direction of the SUT. Then the flatness measurement error by plane-fit of all six planes is 

evaluated (Figure 2.85b). For this research the test has been demonstrated by conducting three 

recording positions in the depth of field of the sensors recording volume and to monitor 

repeatability over time, using an optical flat. 

Description of optical flat and test conditions 

An optical flat is an optical element, a square polished glass plate of ca 3cm thickness, with a 

flat measurement surface near perfectly planar. For the purpose of this test, it has been sprayed 

with a white dust spray in order to create a lambertian surface to be a cooperative surface for 

optical surface measurement technologies. The flatness test was conducted by repeating 3D 

scans with SUT1 on three consecutive days under the same conditions in room temperature. 

The angle in which the artefact was addressed was 0º, i.e. top down, and the CMM path over 

the object was repeatable. The raw data of the pointcloud has not been re-sampled or changed 

in subsequent steps. The flatness test is conducted to establish the repeatability and confidence 

of SUT1.   

Evaluation of measurement confidence for SUT1 

It is of particular interest how much of the flatness error is caused by surface variations and 

how much error is contributed by the 3D imaging system. This test is used to ascertain if form 

measurement is changing between records, at different times with the same instrument. The 

three identical records at different times were compared through ‘nominal-actual’ comparison 

of the first, second and third day.  

Measurements between day 1 and 2 show a deviation spread over the whole measurement 

surface between +0.007mm and 0.010mm with a peak at ca -0.004mm (Figure 4.35). The 

comparison of day 1 and day 3 shows a deviation with a maximum absolute deviation at -

0.04mm. Similar results are obtained if the plane is scanned in different heights in relation to 

the sensor volume (closest distance, mean distance, furthest distance) and in different positions 

in relation to the sensor. This is confirming the specified accuracy of the system by the 

manufacturer of +/-0.025mm RMS. 

 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Metric quantitative evaluation of 3D sensor capabilities 

Page 193 

 

Figure 4.35 Colour coded deviation map with Gaussian error deviation curve. 

Repeatability/reproducibility test measurement. Comparison Day 1 to Day 2. 

 

 

Figure 4.36 Flatness test, SUT1, Gaussian Plane-fit with all values, systematic deviation pattern, 

distribution of residual between +/- 0.025mm. 

Flatness test for SUT1 

Different methods of fitting a plane to the pointclouds of the optical flat were trialled. The fitting 

strategies were Chebyshev, Gaussian 1 Sigma, Gaussian 3 Sigma, Gaussian using all points. 

All of these plane-fits yielded a similar error distribution histogram. SUT1 shows a 

characteristic pattern of deviation banding (errors) horizontally, i.e. parallel to the direction of 

movement, across the dataset, to the order of +/-0.040mm (Figure 4.36). To exclude a 

deformation of the test object, the optical flat was turned 90º and 3D scanned again. The result 

shows the same systematic deviation. This highly systematic pattern could be due to the radial 

laser spot movement through the goniometric mirror. 
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It can be concluded that SUT1 is performing according to specifications. At best the flatness 

error F with a deviation of +/-0.005mm, at worst +/-0.040mm, also depending on the 

measurement axis. Therefore, all measurement deviations under 0.040mm should be 

disregarded for any deformation and comparison analysis. This will be relevant for the case 

study of artefact monitoring of a carved ivory (Section 5.1). 

Flatness and compensation of ISO resolution target 

The 3D scan of the ISO resolution chart shows known edge artefact from the black / white 

contrast. A detail of the chart shows the expected range artefact that occurs through centroid 

shift at black / white colour contrast (Section 2.3.5 and Figure 2.67). Next to the known 

systematic error, or banding, through horizontal movement of the sensor, a variation of +/-

0.03mm can be seen, and therefore in line with the system specifications. When the 3D model 

is tumbled or moved on screen, this systematic error can be seen as relief (Figure 4.37). This 

knowledge about a ‘false relief’ by a recording error is of significance for heritage professionals, 

as it can lead to erroneous interpretation of the surface geometry if the effect is not known to 

the observer. 

 

Figure 4.37 Range artefact on SUT1 on ISO chart. Surface normal directions showing ‘false relief’ caused 

by systematic error through colour contrast. b) colour-coded deviation evaluation of the same detail. 

 Probing error / circularity error R 

The test for probing error / circularity error R was conducted according to (VDI/VDE 2634-2, 

2002) and is described in Section 2.3.8. A sphere is positioned arbitrarily at minimum three 

positions in the sensor volume and in each position measured from at least five sensor positions 

as illustrated in Figure 2.85d. This test was only conducted with SUT1. The array of six 

registration spheres was imaged from eight different sensor positions within the sensor volume. 

Only sphere C was selected to demonstrate the probing error test. For the determination of the 

quality parameters for each individual position of the test sphere, one common fitting sphere is 

calculated from all single sensor positions addressing the sphere, Table 4.7.  
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Worked example SUT1  

 

 

Figure 4.38 Sphere probing error R, recording positions for SUT1 in the sensor volume 

 

  

 Figure 4.39 SUT 1 Probing error R / circularity 

error  of a pointcloud (100 microns sampling 

distance) to the common fitting sphere. 

Figure 4.40 SUT 1 overall deviation plot of Probing 

error R / circularity error  on common fitting 

sphere and histogram. 

 

Position Resolution 

of record 

[microns] 

Maximum 

[mm] 

r max,r 

SUT 1 

Minimum 

[mm] 

r min,r 

SUT 1 

Probing error/ 

circularity error 

[mm] 

R = r max,r - r min,r 

Mean 

distance 

[mm] 

Position 1 100 0.048 -0.050 0.098 0.007 

Position 2 100 0.050 -0.050 0.100 0.007 

Position 3 300 0.050 -0.050 0.100 -0.012 

Position 4 300 0.029 -0.050 0.079 -0.014 

Position 5 300 0.049 -0.048 0.097 -0.008 

Position 6 300 0.050 -0.050 0.100 0.002 

Position 7 100 0.050 0.050 0.000 0.005 

Position 8 100 0.050 -0.050 0.100 0.007 

Table 4.7 Maximum and minimum radial distances, probing error R for SUT 1.  The probing error (size 

error) - Maximum radial distances to the common fitting sphere [mm] of Common sphere (radius = 

19.995mm) 

Interpretation 

Figure 4.39 shows an example of the alignment of the different records on one common fitting 

sphere. This sphere had a deviation of +/-0.05mm to the calibrated radius. The result at the 

highest resolution of SUT1 is only slightly higher than the system specifications of an RMS of 

+/-0.025mm. The colour plot of the deviation residuals shows a similar systematic deviation 

pattern (yellow stripes) as the flatness test (Section 4.8.1). Edges of the pointcloud on the sphere 
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are also known to be noisier and are usually removed in subsequent processing steps for 3D 

object imaging. The deviation pattern is less consistent for a resolution of 300 microns point 

spacing. The probing error test was only performed for SUT1. 

 Sphere diameter error Ed 

 

Figure 4.41 Sphere location and name, reference lengths used.  Photograph overlaid with diagram of 

spheres on the Metric Test Object. 

 

The sphere diameter error Ed is described in Section 2.3.8. The test is conducted by recording 

a top down view of all spheres on the artefact in one record. All data acquisition should record 

the maximum coverage of the sphere surface. For multi-image systems, e.g. photogrammetry, 

pattern projection is allowed. Angles from the object was recorded should be reported. 

An unconstrained least squares sphere is fitted to the collected data of each sphere (Gaussian 

fit, 3 sigma) and radii of measured data dm are compared to the known certified sphere 

diameters dr. The accuracy of the reference diameters dr of certified diameters for tooling balls 

in this research is 0.001mm (10 microns). The diameter deviation is computed. The diameter 

error reported in the final comparison of all SUTs is the largest deviation (i.e. largest unsigned 

distance error) of all scanned spheres in all measurement orientations. 
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Worked example - SUT7a 

Sphere 

fitting – 

Sphere 

diameter 

error SUT1 

Reference value dr 
(Calibrated certified 

Diameter Value) 

[mm] 

Measured sphere 

diameter dm  from 

unconstrained 

sphere-fit on 

SUT7a [mm] 

Diameter 

Error from 

reference Ed  
in [mm] 

Evaluation according 

to  

Manufacturer 

accuracy:  

+/- 0.13mm  

Sphere A 19.99500 20.042 +0.047 Ok, passes 

Sphere B 19.99455 20.036 +0.041 Ok, passes 

Sphere C 19.99560 20.028 +0.033 Ok, passes 

Sphere D 19.99605 20.040 +0.044 Ok, passes 

Sphere E 19.99490 20.037 +0.042 Ok, passes 

Sphere F 19.99550 20.105 +0.110 Ok, passes 

   Further 

evaluation  

   +0.043 mean / media 

   

+0.028 

Sigma / standard 

deviation 

   +0.033 Min. value 

   

+0.110 

Max. value (reported 

as Ed ) 

   30-35%  Sphere coverage 

Table 4.8 Worked exampled for Sphere diameter error of SUT7a. 

The record for SUT7a has been taken from a centered position above the Metric Test Object, 

with all spheres in the field-of-view of the laser-line based recording system. The average 

coverage of the 3D record of all spheres was consistently at ca. 30-35% of the complete sphere 

surface (visual estimate). The selection of pointclouds was unambiguous; it was easily possible 

to perform an unconstrained sphere fit (Figure 4.42 right). The evaluation of the sphere diameter 

error Ed  shows that values of SUT7a are systematically larger than the reference diameter dr 

with a standard deviation of +0.028mm. The maximum unsigned value to be reported as is the 

sphere diameter error Ed of +0.11mm (Table 4.8). This value is still below the expected 

manufacturer accuracy +/- 0.13mm of the sensor, therefore SUT7a performs to specifications. 

Analysis - sphere diameter error across all tested systems 

The selection of datasets for sphere fitting is needed also to perform the correct alignment 

(Section 4.7.1).  

Sphere fitting was difficult for the pointclouds from multi-image SUT12 and SUT13. Even 

though the sphere surface was well covered (ca 75%), a manual selection was necessary to pick 

the core of the pointcloud whilst disregarding noise. For SUT12 no unconstrained sphere fit 

was possible. Therefore, a constrained sphere was fitted and the dataset excluded from this test 

(Figure 4.43 and Figure 4.44). The same applies to SUT11. 

All other datasets provided good and consistent coverage of the top of the spheres with coverage 

varying between 25-40% for the area-based recording systems from the top (SUT1, SUT7a, 

SUT7b). A very good coverage and clean pointclouds was achieved for the handheld systems 

SUT3 / SUT4. Illustrated examples for the selection of points for the sphere-fit are given in the 

figures below (Figure 3.32 to Figure 3.34). 
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Figure 4.42. Sphere fitting  left) SUT1 (laser scanning), right) SUT7a (laser scanning)  

 

Figure 4.43. Sphere fitting for SUT13.  The matching 

process produced lots of outliers and noise, but a rough 

selection of the single spheres was possible. A filtering 

process was not included in the processing of the multi-

view stereo photogrammetry.  

 

Figure 4.44. Sphere fitting for SUT12. 

The Structure from Motion process 

produced lots of outliers and noise, and 

after a tedious manual selection the fitting 

of radius-constrained spheres was 

possible.  

 

 

Figure 4.45. Sphere diameter error Ed for all SUTs. Graph per Sphere. 
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Figure 4.46. Sphere diameter error for all SUTs. Graph per SUT. 

Detailed numeric results of the Sphere diameter error are accessible in a table in Appendix 9.3.4. 

Interpretation of results 

The numeric evaluation of the Sphere Diameter error Ed shows that SUTs tend to be consistently 

larger or smaller than the calibrated sphere diameter (Figure 4.44 and Figure 4.45) and SUT7a 

shows a sphere diameter error Ed  three times smaller than SUT7b, the same sensor at lower 

resolution. Both are consistently larger than the reference diameter.  

SUT1, SUT3 and SUT7a have the smallest sphere diameter error Ed  not exceeding +/-0.1mm. 

All spheres show approximately the same extent of spread for all SUTs between +0.3mm and 

-0.4mm sphere spacing error. Sphere A has a smaller range from 0.01mm to +0.25mm. Figure 

4.46 with values per System Under Test on the y-axis, reveals that SUT1, SUT3 and SUT7a 

are accurate and precise in their deviation distribution, whereas SUT4 and SUT7b can be 

described as precise but inaccurate (clusters close together but away from 0 deviation). SUT13 

shows the widest spread and can be described as inaccurate and imprecise. SUT1, SUT3 and 

SUT4 are slightly beyond the expected manufacturer accuracy, whereas SUT7a / SUT7b 

perform to expectation. SUT1 and SUT12 were excluded from this test. 

4.9 Length measurement test 

Bidirectional and unidirectional plane-spacing error can be conducted using the following 

features: step and length gauges the Metric Test Object. Length measurements can also be 

conducted for the centroids of the sphere, which is described in the next section. 
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 Sphere spacing error Ess 

The Sphere Spacing error evaluation is described in Section 2.3.8. On the Metric Test Object, 

the mounted tooling balls are intentionally irregular to produce a registration and alignment 

datum. The reference distances between the spheres run laterally and diagonally across the base 

plate. The spheres have been named with letters, and the distances with two letters describing 

the distance, for example sphere A and B is the sphere distance ‘A-B’ from sphere centre to 

sphere centre. The test distances and sphere positions are shown as diagram in Figure 4.47. To 

achieve the placement of known distances within the measurement volume, the Metric Test 

Object must ideally recorded from four positions, as shown in Figure 4.48, to satisfy the test 

object procedure according to (VDI/VDE 2634-3 2008, Section 4.2). 

 

Figure 4.47 Plan of spheres A-F (green) and distance measurements (blue) seen in plan (Z+ axis) 

 

Figure 4.48 Positions of the Metric Test Object in the measurement volume.  The sensor is recording 

from above the cube. To conduct the Sphere Distance if all distances are certified. 

Position described by corner of the cube: 

Position1) Plane A-B-C-

D (covering lengths 2,3) 

Position 2) Plane A-B-E-

F (covering lengths 1) 

Position 3) Plane A-F-

G-D (covering lengths 

3, 5) 

Position 4) Plane B-E-

H-G (covering lengths 

4,6,7) 

While this procedure will lead to statistically correct results and is encouraged, the expenditure 

of time might prove too long for heritage professional users. In fact, in the fieldwork conducted 

in this research for all sensors except SUT7a the available time-window was too small to set-

up multiple viewpoints for SUTs outside UCL. This test suggests therefore a fast and simple 

procedure for a cultural heritage institution or museum environment. For the evaluation of all 

SUTs in this research the acquisition will be restricted to the top down viewpoint (Position 1, 

Figure 4.48a) at a median distance including all spheres on the 3D image. For multiple view 

systems, such as photogrammetry or hand-held laser scanning, a merged 3D pointcloud will be 

evaluated. 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Metric quantitative evaluation of 3D sensor capabilities 

Page 201 

Measurement procedure for datum spheres Ess 

The test is conducted as follows: 

 For optically based sensors, Position 1 is recorded including all spheres on the 

artefact in one record if the sensor volume allows, similar to Section 4.8.3. At least 

three spheres on one record, aiming at maximum data coverage of the sphere surface. 

For multi-image systems pattern projection to enable image matching for 3D 

reconstruction is allowed. Additionally positions should be reported. 

Processing / evaluation: 

 An unconstrained sphere-fit (Gaussian, 3 Sigma) on the six calibrated spheres of the 

captured datasets is performed in order to provide a centroid location for each 

sphere. If no unconstrained sphere fit is possible, a constrained radius according to 

the reference value is used and must be indicated in the evaluation. 

 The length measurement lm,ss between the calibrated spheres centroids are 

calculated. The largest difference from all data sets represents the distance error Ess  

and is reported.  

Worked example - SUT7a 

 

Viewpoint 1 (Pos 1): Minimum 

distance or standoff (from the top). 

Viewpoint 1: no data. 

 

Viewpoint 2 (Pos 1): Median 

distance/ standoff (from the top) 

Viewpoint 3: maximum distance/ 

standoff (from the top), not shown 

 

Viewpoint 4 (Pos 2): Perpendicular to 

position 1 with median standoff, e.g. side 

view 

 

Viewpoint 5 (Pos 3): Diagonal over 

the body, from the back left over 

the object 

 

Viewpoint 6 (Pos3): Diagonal over 

the body, from the front right over 

the object 

 

Viewpoint 7 (Pos 4): Record front from a 30 

degrees deviation from the top view 

Figure 4.49  Systematic viewpoints for the worked example of sphere-spacing error recorded with SUT7a 

(according to Figure 2.85a) 

The Metric Test Object was recorded from a series of systematic viewpoints to position the 

reference length within the sensor volume (Figure 4.49). The following reference lengths for 

sphere distances have been evaluated against the mechanically measured distances: C-D 

(79.9mm), A-B (106.96mm), B-C (125.03mm), D-E (143.31mm). Viewpoint 2 shows the values 
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closest to the reference, Viewpoint 1 and 3 show deviations to the order of +0.025mm. Sphere 

distance C-D was most consistently recorded from all viewpoints. 

  

Figure 4.50  Sphere spacing error Ess on the worked example of SUT7a  Only viewpoints that yielded 

metric data are displayed. 

Analysis - sphere spacing error across tested systems 

For handheld line-scanners (SUT3, SUT4) and multiple-view 3D image acquisition (SUT12, 

SUT13) the imaging of different positions resulted in one single 3D pointcloud for evaluation. 

  

Figure 4.51 Example for SUT12 for sphere spacing distance. 
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Figure 4.52. Sphere spacing error Ess for all Systems under Test per distance. 

 

Figure 4.53. Sphere spacing error Ess for all Systems under Test per SUT. 

Interpretation of results 

For the quality assessment of sphere-spacing error, SUT1 values are taken as reference values. 

A numeric result for the sphere-spacing error of all SUTs can be accessed in Table 9.2. Whilst 

SUT11 and SUT12 show the largest discrepancies to reference values, all sensors perform 

within manufacturer specifications (Figure 4.52). The graphic does not display increasing errors 

with larger distance as assumed from the length measurement error diagram in (VDI/VDE 

2634-1, 2002) (Figure 2.87). Nevertheless, it can be observed that the deviation of each sensor 

is consistently either on the positive or negative side. 
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 Bi-directional plane-spacing error EBPS 

The bidirectional plane-spacing error EBPS test is using the length gauges. These measurements 

are equivalent to taking distances with wooden or metal gauges, and are relevant if correct 

dimensions and profiles of museum artefacts need to be taken, for example for construction of 

a custom-made mount, or for control measurements before an objects travels or goes on loan. 

The test is explained in section 2.3.8. The length control features are two scale bars or gauges: 

length bar 1 is 75mm long x 30mm high, and length bar 2 is 150mm long x 10mm high. Both 

to provide dimensional length control (Figure 4.55). 

 

Figure 4.54 Diagram to show the measurement faces for length testing 

 

 

Figure 4.55 Length artefact mounted onto the Metric Test Object seen from top , left and right side. 

Measurement procedure for length gauges 

To conduct the test the following steps were performed: 

 The ends of the gauge blocks, length bar 1 and length bar 2 are measured from the 

left and right side as indicated in schematic drawing in Figure 4.54 and as indicated 

in Figure 4.24 in pink arrows. The recorded surface area of the blocks end faces 

should cover a sufficiently large area of the middle of the measuring faces to fit a 

plane. With SUTs length gauges need to be imaged diagonally from the top. If the 

SUT was able to record view both measurement faces of both length bars, it is 

indicated in the assessment. 
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 For further quantitative evaluation, a parallel least-square plane-fit through the 

extracted point patches is constructed. This is to ensure co-planarity by correcting 

the surface normal directions through setting the z-axis direction to 1 (Figure 4.57). 

The resulting length between the faces including total deviation and deviation 

percentage is indicated in the assessment. 

 

 Reference value before 

etching [mm] 

After etching (mechanical 

measurement) = Reference 

measurement 
BPSrl ,

 

Uncertainty of reference 

measurement (mechanical 

with digital callipers) 

Length bar 1: Shorter 

higher length bar  

75.00 mm long,  

30 mm high 

74.94 mm, 

height not measured 

+/- 0.01 mm 

Length bar 2: lower, 

longer length bar 

150.00 mm,  

10 mm high 

148.87 mm, 

height not measured 

+/- 0.01 mm 

Table 4.9 Bidirectional plane-spacing error EBPS. Reference values for Length on the Metric Test 

Object. 

 

Figure 4.56 Indication of planes 

fitted for bidirectional plane-

spacing error EBPS in 3D 

View  of complete dataset of 

SUT3. 

 

Figure 4.57 Bidirectional plane-

spacing error EBPS between 

fitted planes of the length 

gauges, red arrows.  3D view 

of extracted planes and fitted 

planes of SUT3. 
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Worked example - bidirectional plane-spacing error EBPS – SUT1 

  Did your 

system record 

both faces of 

length bars 1 

and 2? 

Reference 

measure

ment 

[mm] 
l r, BPS 
 

Measured 

length  

[mm] 
l m, BPS 

Differenc

e = Plane 

Spacing 

error 

EBPS 

[mm]  

Deviation 

with tolerance 

+/- 0.2 mm 

Deviation in 

% of Total 

Length bar 1 

[mm]  

Yes 74.94 74.34 0.60 OUT  0.80% 

Length bar 2 

[mm] 

Yes 149.87 149.73 0.14 ok 0.10% 

 

Table 4.10 Evaluation bidirectional plane-spacing error EBPS. SUT1 with length feature / length gauges. 

The data from SUT1 was produced by alignment of multiple records, i.e. from different 

directions. The deviation of 0.6mm from length bar 1 exceeds the known manufacturer 

uncertainty of the system. The value is high in terms of deviating from the tolerance, but low 

in terms of deviation percentage from the total length.  

Analysis - bidirectional plane-spacing error across all systems 

 

Figure 4.58 Bi-directional plane-spacing error EBPS across all SUTs 

A numeric table of the bi-directional plane spacing error across all tested systems is available 

in Table 9.1. 

Interpretation of results 

The recording and measurement of planes which are not upward facing, such as the ends of the 

length gauges, is best possible with systems that allow multi-view recording, or that are 

scanning handheld (CMM or self-orienting), such as SUT3, SUT4 and SUT12 / SUT13. These 

systems show bidirectional plane-spacing errors EBPS between +0.31mm and -0.26mm. 

For all other SUTs data is recorded from a top-view, such as SUT7. To conduct the assessment 

multiple records must be aligned. These show a bidirectional plane-spacing error between 

+0.6mm and -0.93mm.  
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It was observed that the bi-directional measurements of the length gauges are particularly 

challenging for systems with a fixed recording position. This is due to their placement on the 

Metric Test Object in relation to other features on the geometry plate (occlusion). 

 Unidirectional plane-spacing error EUPS 

The unidirectional plane-spacing error EUPS is explained in Section 2.3.8. A step artefact was 

designed to evaluate the smallest significant step that can be recorded by a SUT (Figure 4.59).  

This is of importance for heritage professionals to establish the sensor capability for detecting 

and recording the smallest coating, paint layer or other material change of small height on an 

artefact. Measurements confirm the significance of the metric results from a 3D record. A first 

visual examination of the 3D record alone might show steps. This often stems from systematic 

edge recording errors through centroid deviation (Section 2.3.5) which produces ghosting edges 

(surface normal direction) that can visually suggest a step recording, but might not yield metric 

information. Overlaying texture or colour information and shadows might suggest that a step is 

recorded which is not present in the actual geometric record. Therefore, a rigorous test is needed 

to ascertain the 3D sensor capabilities.  

The step artefact used for this test is manufactured of two adjacent blocks with step height 

difference between a large step of 20.0mm down to a very small step of 0.01mm (10 microns) 

to provide information about the capabilities of the SUT to measure steps (Figure 4.59, Table 

4.11 with step heights). This section is proposing an evaluation of a known procedure (distance 

measurement from plane-fitting) and a new procedure based on statistics using a significance 

test. 

Description and evaluation method 

To conduct the test for unidirectional plane-spacing error with the step artefact the following 

recording steps are taken:  

For area based 3D imaging sensors, the data is recorded from straight down over the complete 

length of the step feature. Data is recorded perpendicular to the long edges on the feature. For 

line-based or point-based systems (as well as fringe projection), the direction for feature 

recording is indicated in red in Figure 4.24. This is of importance for triangulation based 

systems, where the recording direction shall be parallel to the step edges and therefore parallel 

of the base of the recording triangle. If other scan directions are used it should be indicated in 

the evaluation report (e.g. lateral, parallel, or 45º to the scan line). Observations, such as 

occurring specular highlights, should be recorded.  

To metrically evaluate the unidirectional plane–spacing error, a procedure in multiple steps is 

applied: 

1. An automated data extraction of a patch each on all 17 steps produces comparable 

pointclouds for all SUT (Section 4.4.3). Step edges are excluded in order to enable a 

better plane-fit in the next step (Figure 4.60) 
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2. Subsequently a plane is fitted into each of the extracted step patches, which is constrained 

to be coplanar to the reference plane (formed by C-E-A centroids) (Section 2.3.8). The 

plane-fit uses a Gaussian fit (3 Sigma). Statistical values of the plane-fitting quality are 

reported and allow a comparison for the number of points used per plane and fitting 

quality (Figure 4.62). 

3. Numeric values are exported in a table and the z-values are inspected for absolute 

distance. While (Beraldin and Carrier, 2012, sec. 6.1.3) suggests to report the largest 

value of all scanned length errors per SUT, the additional the plane-fit information 

(Sigma and number of points) can be used for a new evaluation method, which quickly 

answers the questions about the smallest significant step by a Hypothesis test (Table 

4.11). 

 

 

Figure 4.59 Photograph with 

top view of step artefact on 

the Metric Test Object. 

Large steps on the left, to 

smaller steps on the right. 

 

Figure 4.60 Extracted data 

patches to conduct the 

unidirectional plane-spacing 

error test.  (SUT4, top view.) 

 

 

Figure 4.61 Fitted planes 

overlaid with original data to 

conduct the unidirectional 

plane-spacing test. (SUT4, top 

view) 
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Figure 4.62 Close-up into 

fitted planes to conduct the 

unidirectional plane-spacing 

error test.  (SUT4, top view). 

Statistical values of the plane-

fitting quality are included in 

the inspection software. This 

dataset shows an irregular 

point density for the 

extraction, due to several 

passes with a handheld device. 

 

Significance test for unidirectional plane-spacing error EUPS 

In addition to establishing the plane-spacing error with a measured distance (Table 4.11. column 

lm,UPS) the evaluation is supported by conducting a significance test, also called hypothesis test. 

The aim is to establish the smallest significant step that can be recorded by a SUT with a level 

of confidence of 95% (Equation 4.1). The level of confidence is set using the Student 

Distribution (Figure 9.7) where the probability P of 5% corresponds to a Sigma of 1.96 or 

rounded up to a Sigma of 2 (Equation 4.2). The null hypothesis is defined as the distance lm,UPS 

between planes is only significant when the distance equals double the standard deviation of a 

plane-fit (Equation 4.4). The hypothesis test allows the evaluation with a ‘significant’ (true) / 

‘not significant’ (false) outcome. In the analysis, particular attention is given to outliers, for 

example significantly less points for a plane-fit than the average, and typical trend for the 

quality of plane-fitting. A worked example with SUT7a (3D laser scanner based on 

triangulation) is demonstrated in Table 4.11. 

 

 

Equation 4.1 Probability / significance level in hypothesis 

test 

Equation 4.2 Sigma (standard deviation) in hypothesis test 

Equation 4.3 Sigma for hypothesis test 

Equation 4.4 Null hypothesis 

Equation 4.5 Alternative hypothesis 
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Worked example - SUT7a 

The measurements of SUT1 served as the reference dataset for larger distances (Steps 12-00). 

For the smaller distances the CNC machined values were applied as reference (Step 16-13), as 

both SUT1 measurement and digital mechanical calliper measurements did not capture values 

below 0.02mm (both systems have a known standard deviation of +/-0.1mm and +/-0.25mm). 

The test was performed with one single 3D scan in median distance from top down. The dataset 

shows a regular pointcloud pattern, but with an ‘orange skin’, i.e. noisy surface geometry 

appearance. The extracted patch for Step 01 is small, due to incomplete or low quality 

recording. A plane-fit is nevertheless possible (Figure 4.65). The number of points extracted 

and used for plane-fitting is consistent, with the exception of Step 01 (Figure 4.63). The 

Standard deviation of the plane-fit is also sufficiently consistent with the exception of Step 05. 

The analysis with the hypothesis test yielded the result that the smallest significant step to be 

recorded is 0.3mm high. Any steps with smaller distance show that the standard deviation 

(sigma) of the plane-fit is greater than the recorded distance, and therefore not significant (Table 

4.11). 

 

 

Step04   Step03   Step02   Step01   Step00 
 

Figure 4.63 Number of 

points used for plane-

fitting - unidirectional 

plane-spacing evaluation 

SUT7.   

 

Figure 4.64 Sigma of plane-

fitting - unidirectional plane-

spacing evaluation SUT7.   

Figure 4.65 Plane-fitting on Step 00-04 on 

SUT7  to prepare the unidirectional 

plane-spacing evaluation.  (Top view in 

inspection software).  
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Table 4.11 Step analysis with Hypothesis test. Worked example with SUT7a. Results: Average Sigma 

SUT7a:  0.060, Average Number of pts/ step SUT7a: 4208. 

Machined 
step height 

before 

surface 
treatment 

lr,UPS 
Distance 

reference 

value 
[mm] 

Name of 
step 

lm,UPS = 

SUT7a 

step 

distance 
[mm] 

Sigma of 

Plane-fit 

SUT7a 
[mm] 

Sigma2 Sum 

of two steps 
(i.e.Sigma 

Step 16 + 

Sigma Step 
15) [mm] 

Significance 

test 

=2*Sigma2 
[mm] 

Significance 

tests  
SUT7a 

Number of 

points for 
Plane-fit  

0.00 n/a Step 16 n/a 0.00 0.03 n/a n/a 4132 

0.01 0.01 Step 15 0.02 0.05 0.03 0.06 
Not 

significant   4109 

0.02 0.02 Step 14 0.02 0.06 0.03 0.06 
Not 

significant   4172 

0.02 0.02 Step 13 0.01 0.06 0.04 0.07 
Not 

significant   4200 

0.05 0.06 Step 12 0.05 0.09 0.04 0.09 
Not 

significant   4202 

0.10 0.06 Step 11 0.09 0.13 0.05 0.09 
Not 

significant   4188 

0.30 0.31 Step 10 0.30 0.34 0.06 0.10 Significant 4201 

0.50 0.50 Step 09 0.50 0.53 0.05 0.10 Significant 4221 

1.00 0.98 Step 08 0.99 1.01 0.06 0.11 Significant 4199 

2.00 1.86 Step 07 1.84 1.86 0.04 0.11 Significant 4281 

3.00 2.99 Step 06 3.01 3.01 0.04 0.08 Significant 4553 

4.00 3.99 Step 05 3.99 4.00 0.04 0.08 Significant 4427 

5.00 5.00 Step 04 4.99 5.02 0.04 0.07 Significant 4540 

6.00 5.99 Step 03 6.00 6.02 0.04 0.07 Significant 4681 

8.00 7.99 Step 02 8.01 7.99 0.03 0.07 Significant 4899 

10.00 10.00 Step 01 9.96 10.00 0.03 0.06 Significant 769 

20.00 19.98 Step 00 19.71 19.99 0.03 0.05 Significant 5761 

Analysis – unidirectional plane-spacing error EUPS across tested systems 

The following images are illustrations of plane-fitting in the inspection software for 

unidirectional plane-spacing error. Further numeric results, graphs and Sigma values are in 

Appendix 9.3.7. 

 

Figure 4.66 Unidirectional plane spacing 

error, fitted planes  for SUT12 (Side view). 

This is a photogrammetry dataset and the 

data shows a high standard deviation and 

‘noise’. No optimization was conducted 

through selection, all extracted data from 

one patch was used for plane-fitting.  
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Figure 4.67 68 Unidirectional plane 

spacing error, fitted planes  for SUT12 

(Side view). Plane-fitting in a noisy dataset 

per plane is producing a plane-fitted with 

least square error of the data taking into 

account all data with no further optimized 

data selection. With a Gaussian fit 3 Sigma, 

this produces a plane situated 

approximately in the middle between 

lowest and highest present points in the 

cloud. Therefore the plane-fit may lay 

beneath the real surface  

 

Figure 4.69 Unidirectional plane-spacing error EUPS of all SUTs.  Increasing plane separation (steps, x-

Axis) versus error value (y-axis) [mm]. The display of the error values is chosen on purpose to display 

all SUTs values. SUT11 shows the greatest plane-spacing error and values are above or below the 

displayed scale. 

 

Figure 4.70 Average sigma of plane-fitting for unidirectional plane-spacing error EUPS. 
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Table 4.12 Results of Significance test for unidirectional plane-spacing error EUPS on all SUTs. 

Interpretation of result  

The evaluation for unidirectional plane-spacing error EUPS has successfully been performed for 

all SUTs. Automatic extraction of patches enabled consistent and comparable analysis of all 

planes across all SUTs with the same method. Automatic extraction was advantageous for steps 

with small distances with no visual indicator for detecting where the step edge lies. Co-planarity 

was ensured by setting the surface normal to Z+ for all planes. The quality of the plane-fit for 

further evaluation is mainly dependent on the quality of the extracted patch of pointcloud. Multi 

image 3D recording (SUT12, SUT13) showed the highest Sigma values for the plane-fit (Figure 

4.70), and as all points without exception are selected per patch, plane-fitting can come to lie 

between the main patch and noise (Figure 4.66 and Figure 4.67). Better results might have been 

possible if noise filtering of the pointclouds for SUT11 / SUT12 / SUT13 would have been 

applied. SUT11 shows a very high Sigma and the results for plane-spacing error EUPS lies at 

ca. +/-0.60mm. This is a good result given the manufacturer specifications of +/-6.0mm. SUT12 

also shows a high plane-spacing error with +/-0.25mm. SUT7b performed surprisingly well 

with EUPS errors between +0.02mm and +0.08mm. 

The overall graph of the unidirectional plane-spacing error EUPS, illustrated in Figure 4.69 

shows a random distribution with values in plus and minus for all sensors. The graphic does not 

display larger errors with larger distance as assumed from the length measurement error 

diagram  in (VDI/VDE 2634-1, 2002), Figure 2.87.  

A much clearer statement about the capability of the SUT for step recording could be given 

through the additional hypothesis test, which takes detailed information about plane-fitting into 

account and gives a clear answer to what is the smallest significant step that this system can 

record (Table 4.12). 

Step name

Step 

height in 

[mm] SUT 1 SUT 3 SUT 4 SUT 7 a SUT 7b SUT 11 SUT 12 SUT 13

Block 1 Step 16 0.00 n/a n/a n/a n/a n/a n/a n/a n/a

Block 1 Step 15 0.01 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

Block 1 Step 14 0.02 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

Block 1 Step 13 0.02 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

Block 1 Step 12 0.05 TRUE FALSE FALSE FALSE TRUE FALSE FALSE FALSE

Block 1 Step 11 0.10 TRUE TRUE FALSE FALSE TRUE FALSE FALSE FALSE

Block 1 Step 10 0.30 TRUE TRUE TRUE TRUE TRUE FALSE TRUE FALSE

Block 1 Step 09 0.50 TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE

Block 1 Step 08 1.00 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE

Block 2 Step 07 2.00 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE

Block 2 Step 06 3.00 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE

Block 2 Step 05 4.00 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE

Block 2 Step 04 5.00 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE

Block 2 Step 03 6.00 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE

Block 2 Step 02 8.00 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE

Block 2 Step 01 10.00 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE

Block 2 Step 00 20.00 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE
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4.10 Structural resolution test (lateral resolving power) 

Structural resolution is introduced in Section 2.3.8. The structural resolution test is of 

importance to cultural heritage recording because it is yielding information about dimensional 

sensor capabilities on the one hand and confirms the smallest significantly recordable gap or 

crack on a museum artefact of a SUT.  

A structure standard similar to the one proposed in (VDI/VDE 2617-6.2, 2007, p.  26), see 

Figure 2.88, has been included on the Metric Test Object. The structure standard is used to 

verify the smallest structure that can be resolved by the Sensor Under Test. The gap feature is 

constructed from eight individual blocks of the same height, in combination with a series of 

seven blocks, which present seven slots with reference depth (pit) of 20mm and varying widths 

of: 0.1mm, 0.2mm, 0.3mm, 0.5mm, 1.0mm, 2.0mm, 3.0mm (Figure 4.71).  

Evaluation method of structural resolution  

A cross section of the dataset with 1mm thickness, allows a first visual inspection whether the 

gap and pit has been successfully imaged. SUT1 has a clear detection of pits and gaps at the top 

of the structure from 3mm gap to 0.2mm gap, Figure 4.72. A visual examination of the 3D 

record might cause erroneous interpretations, due to systematic errors in 3D data caused by 

‘edge artefacts’ of the recording which appear like a correct record of a gap. This often stems 

from systematic edge recording errors through centroid deviation (Figure 2.67, Section 2.3.5), 

and produces ghosting edges (surface normal directions) that can be mistaken for a gap 

recording. If colour texture has recorded the shadow of the gap and conveys a recess, where 

there is none present in the geometry, Figure 9.10.  

Therefore a statistical pass/fail procedure based on metric results for the evaluation the 3D data 

geometry was developed, following a number of subsequent steps: 

1. An automatic extraction of pointcloud patches of 5mm width including gap and either 

side of the gap is conducted (Section 4.4.3). 

2. A plane is fitted through all patches excluding the pit data to create a nominal plane. 

This plane forms a nominal plane to which the extracted patches, which are known to 

have gaps, are compared (Figure 4.74).   

3. A pass/fail test was performed to determine the success of the gap recording. The 

pass-hypothesis was defined, guided by (VDI/VDE 2617-6.2, 2007, p.  26): if the 

measured maximum distance from the fitted plane shows a maximum unsigned 

deviation from the reference pit depth of 2.00mm is larger than 63% of it (=5.04mm) 

then the value for the pit recording is true (pass), otherwise the gap recording is untrue 

(fail). Other variables (standard deviation to plane-fit, min. /max values) are also 

noted. Deviations from the plane can be visualised with a colour-coded deviation map 

as well, Figure 4.74.  
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Measurement procedure with the gap feature 

To conduct the test for structural resolution with the gap artefact data, it is recorded from 

straight down onto the whole length of the gap feature, i.e. parallel and perpendicular. When 

using a triangulation based or line-based system, the directionality is considered and the data 

was recorded with the base of the triangle parallel to the gaps (SUT1, SUT3, SUT7). For line-

based or point-based systems (as well as fringe projection), the direction for feature recording 

is indicated in yellow in Figure 4.24. 

 

Figure 4.71 Top view and axonometric view of gap artefact  

 

Figure 4.72. Structural resolution of SUT1. Axonometric view of 3D dataset (top) and cross section 

(bottom) of gap feature.  A detection of all gaps and pits except the smallest gap is visible. 

Worked example – SUT7a  

The test was performed with one single 3D scan from top down, as described in the 

methodology above for area based scanners. The Hypothesis test yielded the result that the 

smallest significant gap to be recorded is 1.00mm, any gaps with smaller diameter showed not 

enough evidence, according to the hypothesis, to be recorded. The graphical evaluation of a 

cross-section of 1mm in the middle of the dataset showing gaps 1-2 (3.0-1.0mm) is supporting 

the outcomes of hypothesis testing (Figure 4.73). 
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Figure 4.73. Structural resolution of SUT7a. Axonometric view (top) and cross section (bottom) of gap 

feature.  

 

Figure 4.74 Gap analysis in inspection software with colour deviation map of SUT7a.  Blue is the plane-

fit, coloured is the actual to nominal geometry comparison. Dark blue indicates a deviation of larger 

than +/-0.3mm and applies to the three detected gaps.  

 

Name of gap Reference 

Value 

[rounded] 

Measured 

maximum height 

distance from 

fitting plane 

(above plane) 

[mm] 

Measured 

maximum pit 

height from 

fitting plane 

(underneath 

plane) [mm] 

Mean 

distance 

[mm] 

Distance 

standard 

deviation / 

Sigma [mm] 

Hypothesis: min 

distance of 

unsigned value < 

63% of 

calibrated depth 

[5.04mm] = 

untrue.   

Gap 1 (largest) 3.00 0.105 -8.434 -3.565 4.056 Significant (true) 

Gap 2 2.00 0.162 -8.136 -2.277 3.617 Significant (true) 

Gap 3 1.00 0.228 -8.031 -0.159 1.272 Significant (true) 

Gap 4 0.50 0.122 -0.352 0.023 0.046 Not significant 

(false) 

Gap 5 0.30 0.347 -0.419 0.016 0.099 Not significant 

(false) 

Gap 6 0.20 0.200 -0.596 -0.047 0.067 Not significant 

(false) 

Gap 7 

(smallest) 

0.10 0.107 -0.091 -0.011 0.034 Not significant 

(false) 

Table 4.13 Gap analysis with Hypothesis test of SUT7a.  
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Analysis – structural resolution and profile characterisation for all tested SUTs  

The evaluation of structural resolution was performed identically for all SUTs (Table 4.13). An 

overview of the outcomes across all SUTs is shown in Table 4.14. 

 

Table 4.14 Structural resolution of all SUTs. Hypothesis test for pass/fail.  True stands for ‘significant’ = 

pass. False stands for ‘not significant’ = false. 

Interpretation of result  

Structural resolution tests are of importance for geometrically correct recording. The tests 

showed that triangulation scanners with a recording direction perpendicular to the gap feature 

produced good results, according to their specifications (SUT1, SUT3, SUT4, SUT7a and 

SUT7b). Photogrammetric technologies used in this research (SUT12, SUT13) were 

performing poorly in this test, due to their image matching strategies for the computation of the 

3D surface model. SUT 11 was unsuccessful in this test, where an outlier produced a wrong 

result (SUT11, Gap 5 evaluated as true in test, but is in fact false). Further cross-sections are 

shown in Appendix 9.3.9. 

4.11 Spatial resolution test (axial resolving power, spatial frequency 

response SFR) 

Spatial resolution is of importance for sensor evaluation in 2D digital photography. The 

evaluation of geometric resolving power has been described in Section 2.3.7. These numeric 

tests for flat photography prints and 2D image scanning capabilities can be extended into 3D 

imaging sensor evaluation. This section will analyse spatial resolution for all sensors equipped 

with colour recording. To determine the spatial frequency response of a 3D sensor a standard 

flat photographic target was included on the Metric Test Object for assessment of spatial 

recording capability. The photographic target (ISO 16067-1, 2003) (Figure 2.81) is used with 

the Slanted Edge Method for the plotting of the Spatial Frequency response (SFR). Quantities 

influencing spatial resolution are pixel grid of image sensor, transfer function (MTF) or 

resolution of optical system in use and spot size of laser beam diameter, or probing spot. 

Gap name

Gaps (from 

large to 

small in 

mm) SUT 1 SUT 3 SUT 4 SUT 7a SUT 7b SUT 11 SUT 12 SUT 13

Gap 1 (largest) 3.00 TRUE TRUE TRUE TRUE TRUE FALSE TRUE TRUE

Gap 2 2.00 TRUE TRUE TRUE TRUE TRUE FALSE TRUE FALSE

Gap 3 1.00 TRUE TRUE FALSE TRUE TRUE FALSE FALSE FALSE

Gap 4 0.50 TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE

Gap 5 0.30 TRUE FALSE FALSE FALSE FALSE TRUE FALSE FALSE

Gap 6 0.20 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

Gap 7 (smallest) 0.10 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

Smallest recorded gap [mm] 0.10 0.50 2.00 1.00 1.00 n/a 1.00 3.00
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Evaluation method of spatial resolution  

  

Figure 4.75 Existing evaluation pathway for Spatial resolution for 2D images / photography 

 

Figure 4.76 Evaluation pathway for spatial resolution for 3D images 

The extension of the photographic SFR testing is possible by two additional computational 

procedures, which have been used to perform the spatial resolution testing on 3D images: 

(Burns, 2010) developed a software application to determine the spatial frequency 

response (SFR) by Slanted edge MTF software utility (Figure 4.75). It is usually used 

on 2D sensor images of ISO-16067-1 or -2 charts. The latest version of the application 

is Imcheck 3v9 Analysis Software (Burns, 2014). 

A Matlab script was developed and kindly made available by L. MacDonald which is 

mapping 3D colour pointcloud data into a two-dimensional image array (Step 3 in Figure 

4.76) (MacDonald, 2010, sec. 5.5.1). The input resolution is changed in the script 

according to the spatial distance of point sampling of a sensor. It was initially 

programmed with a resolution of 20pixels / mm (grid spacing of 50 microns) for SUT1. 

Pointcloud data must be converted to polygon meshes in this test.  

The SFR of this image generated from a 3D coloured pointcloud can now be analysed with the 

Slanted edge software by Burns. The ‘QA-61 Scanner target’ analysis is applied (Step 4 and 5 

in Figure 4.76) and the value F for Spatial Frequency can now be determined by the Half-

Sampling value. The description of this workflow has first been published in (Hess et al., 

2014a). 

Worked example Spatial Frequency Response (SFR) of SUT1 

The worked example of SUT1 shows that a 3D coloured pointcloud can successfully be 

analysed through the workflow described above. The half-sampling value, or Nyquist limit, lies 

at 4.8 cycles per millimetre (Figure 4.80) which corresponds to the spatial frequency F of 

0.208mm. This corresponds to the manufacturer specifications of the resolving power of sensor 

SUT1 at double the sampling distance of 0.1mm. 

1. 2D image (texture 
by 3D scanner or 

photographic image)

2. Run through SRF 
software to get 

numeric results and 
graph of Slanted Edge 

method (P.Burns 
application)

3. Evaluate shape of 
SFR-MTF graph and 
numeric outcome

1. 3D record 
(x,y,z,R,G,B, 
Nx,Nz,Ny) 
point cloud 
or polygon 
(must be 

broken up 
into points)

2. Pointcloud, 
Export as .asc 

file

3. Run through 
Matlab 

(L.MacDonald) 
to create an 
image array

a) create array

b) interpolate 
array

4. Run 
through SRF 
software to 
get numeric 
results and 
graph of 

Slanted Edge 
method 
(P.Burns 

application)

5. Evaluate 
shape of SFR-
MTF graph 

and numeric 
outcome
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Figure 4.77 The 3D colour 

laser scan is recomputed into a 

2D image array.  The outcome 

here shows irregular pixel 

spacing (Process step 3a, 

Figure 4.76). Example for 

SUT1. 

 

Figure 4.78 The 2D image 

array is interpolated to 

represent a regular array of 

pixels.  (Process step 3b, 

Figure 4.76). Example for 

SUT1. 

 

 

Figure 4.79 The 2D image is loaded 

into the software application for SFR 

evaluation.  The relevant edges 

(yellow squares) and grey scales (red 

squares) are selected in the software 

for analysis. (Process step 4, Figure 

4.76). Worked example for SUT8. 

 

Figure 4.80. Spatial Frequency Response evaluation (SFR) for SUT1.Outcome of the Slanted Edge 

analysis (Process step 5, Figure 4.76). 

 Analysis of spatial resolution for SUT1 in relation to psychometric testing 

To test the SFR at different resolutions, the pointcloud was sampled in the 3D software 

(Geomagic) by the command ‘Reducing Unordered Points By Creating a Grid’, which allows 

to reduce the number of points by creating an evenly spaced set of points, regardless of 
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curvature and original density. The point spacing of 200, 300, 400 and 500 microns were 

calculated form the original 100 micron dataset. In addition, these spacing values are 

representing the delivery of possible point spacing that can be produced with this system. This 

was done to ascertain how different sampling rates, at persistent laser spot diameter, taken 

through the workflow for spatial resolving power (Figure 4.76), would compare to the 

qualitative and subjective perception through the user. The results relate directly to 

psychometric testing executed in Section 3.7.1 where participants have been asked to rank the 

different samples for 3D image quality of a painting fragment for the purpose of condition 

reporting. 

In a visual inspection of 100 microns resolution (Figure 4.78), the lines on the square for 6 

cy/mm are clearly visible on the squares around the slanted edge. Therefore, a spatial resolution 

of 0.17mm can be visually confirmed. For the computed vertical analysis, the half sampling 

limit is at 4.8 cy/mm at 100 microns sampling (i.e. 200 microns spatial resolution). At 200 

microns sampling the half sampling is at 2.48 cy/mm (i.e. 400 microns spatial resolution) and 

therefore half of 100 microns sampling, as expected, 1.50 cy/mm for 300 and 400 microns 

sampling. The sample for 500 microns was not successfully processed in the workflow (Table 

4.15). The outcome showed the logical outcome that the higher sample resolution, the higher 

the half sampling rate (Figure 4.81). The vertical SFR for SUT1 behaves similarly like the SFR 

for horizontal analysis. 

 

Table 4.15 Spatial frequency for SUT1 for resampled data spacing at lower resolution related to 

psychometric testing.  See also Table 3.2 for quantitative values for the 3D samples in numeric 

connection with psychometric testing.  

Data format

SUT 1 - Point 

cloud 

original

SUT 1 - Point 

cloud 

resampled

SUT 1 - Point 

cloud 

resampled

SUT 1 - Point 

cloud 

resampled

SUT 1 - Point 

cloud 

resampled

Sampling distance in 

[mm] spacing 0.1 0.20 0.30 0.40 0.50

Known sensor point 

spacing [pix/ mm] 10 5.00 3.33 2.50 2.00

Sampling for this test 

[pix/mm] 10 5.00 3.00 3.00 2.00

x= Halfsampling/ 

Nyquist Limit 

[cycles/mm] 4.8 2.49 1.50 1.49 1.00

Spatial Frequency 

F=1/x [mm] 0.21 0.40 0.67 0.67 1.00

PSYCHOMETRIC 

testing: Quality ratings 

(max)

Very good/ 

good Good Fair Fair Poor
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Figure 4.81 Spatial resolution analysis of SUT1  

Analysis of spatial resolution for systems with colour recording sensor 

Not all sensors could be analysed for spatial resolution (SFR) as not all of them record colour, 

or photographic images (Table 4.2). The analysis of SUT7, SUT11, SUT12 and SUT13 was 

based directly on the output of digital photography recorded alongside the surface geometry 

(SUT7 and SUT11) or before computing the 3D geometry model (SUT12 and SUT13) (Table 

4.15). An overview of the direct output through the SFR software can be accessed in Appendix 

9.3.10. 

 

Table 4.16  SFR analysis of SUTs with colour recording  

(SRF analysis) at 

highest system 

resolution SUT 1

SUT 7 (high 

res) - 

photographi

c image

SUT 7 (high 

res) - 3D 

image SUT 9 SUT 11 SUT 12 SUT 13

Data format Point cloud 2d 3D 3D 2D 2D 2D

Known sensor point 

spacing [pix/ mm] 10 camera res specs

n/a (not 

recorded) camera res camera res

camera 

res

Sampling for this test 

[pix/mm] 10 16.2 n/a 11.7 n/a 23.1 6.9

x= Halfsampling/ 

Nyquist Limit 

[cycles/mm] 4.8 5.6 n/a 1.7 n/a 8.0 3.4

Spatial Frequency 

F=1/x [mm] 0.21 0.18 #VALUE! 0.58 #VALUE! 0.13 0.29

Structural resolution 

test/ smalles 

recordeable gap 0.10 1.00 1.00

n/a (not 

recorded)

not possible 

up to 3 mm 

due to noise 1.00 3.00
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Figure 4.82 Graphic of spatial resolution analysis across SUTs by Spatial Frequency Response (SFR) by 

Modulation per cycles/mm (horizontally) 

Interpretation of results 

The test for Spatial Frequency Response (SFR) is based on established photographic test 

procedures. A test for the spatial resolving power of 3D images was developed to ascertain if 

test outcomes could be directly related to the structural resolution test using a geometric gap 

feature (Section 4.10). However, testing of SFR can only be conducted if the sensor has inbuilt 

colour or intensity value acquisition. Therefore, only four out of eight SUTs were analysed and 

compared with both structural and spatial resolution. 

SUT1 was analysed at different point sampling distances (Section 4.11.1). The results from 

psychometric testing confirm that users found that a 3D model sampled at 100 microns with a 

spatial frequency of 0.2mm useful for conducting condition reporting on a 3D model. The SFR 

test confirmed the smallest recordable detail to be at 200 microns, double the sampling rate of 

the sensor.  

This section undertook SFR analysis for coloured 3D pointclouds or 2D data. The resulting 

spatial frequency (and SFR) directly reflects the camera quality used during recording. The 

analysis disproves that geometric structural resolution maintains the same high quality as the 

spatial resolution, for the Systems Under Test present in this research. A direct comparison can 

be drawn with results for the structural resolution test (Table 4.16). For example, SUT12 shows 

a high spatial resolution at 0.13mm, but a structural resolution of only 1.0mm.  

In summary, spatial resolving power is an essential criterion for sensor recording capability. It 

has been confirmed that the Slanted Edge technique and SFR testing could be used to determine 

the spatial resolution of a 3D point-based and area based recording method. Both tests have 

been assigned a repeatable methodology based on metric quantitative results. Both are 

complementary: the spatial resolution test to ascertain the quality of camera and colour 

recording for the resulting texture, and the structural resolution test to ascertain the smallest 

geometric gap or crack that can be recorded. 
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4.12 Discussion: metric quantitative evaluation of sensor 

characteristics 

In the interviews during user testing, heritage professionals have raised concerns in the user 

testing about quality of 3D images (Chapter 3): whilst consumer grade systems are emerging, 

professional high-quality 3D imaging sensors are still expensive. Workflows require processing 

techniques relying on artistic craftsmanship, and data quality is highly variable in outcome and 

fitness-for purpose. As 3D imaging systems become more accessible and affordable, they are 

at the same time closed systems (black boxes with limited numeric feedback). This lack of 

control has motivated the development of a Metric Test Object for independent 3D image 

quality testing for evaluation and verification, described in this chapter. 

A systematic metric quantitative evaluation with a rigorous procedure for 3D image quality 

evaluation has been designed and demonstrated in this chapter. Representative commercially 

available systems have been used as Systems Under Test in this research to test how qualitative 

requirements from heritage professionals are met through metric quantitative methods. In the 

following, the outcomes of these tests with SUTs are summarised. 

 Comparative assessment for sensor capabilities of all SUTs 

Of the 8 imaging technologies tested, 6 technologies were active triangulation systems. 2 

technologies were image-based, and 6 systems were able to record colour. One of the SUTs 

was a 3D colour laser scanner. Pattern projection systems based on fringe projection were not 

included in the metric evaluation. Tests procedures for geometry and form recording were 

conducted for all SUTs. These metric tests included dimension, orientation, length, structural 

resolution, spatial resolving power (if colour data was available). The metric outcomes of all 

tests are summarised in a synoptic fashion in Table 9.6. A normalized table of results is 

available in Table 9.7, where a maximum sensor capability (best resolving power, best spatial 

resolution etc.) was awarded the full point with the value 1. The results in Table 9.7 were plotted 

as comparative bar chart, and the 3D recording capability of all SUTs is illustrated in Figure 

4.83.  
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Figure 4.83 Graphical evaluation of sensor capabilities and resulting 3D image quality for all SUTs. 

Normalised values across tests, therefore full quality = 1.0. 

 

Three systems amongst all SUTs stood out for delivering the most highly resolved and most 

detailed surface recording and achieved best alignment results with the reference dataset: SUT1 

(3D colour laser scanning), SUT3 (handheld triangulation scanning, arm-based CMM) and 

SUT4 (handheld triangulation scanning, mobile CMM).  

Figure 9.16 shows the characteristic profile for SUT1, also used as reference dataset for many 

of the tests as indicated above. SUT1 gives and excellent coverage in detail recording and colour 

recording, but a high cost and long time for recording/processing needs to be employed.  

SUT3, shown in Figure 9.17, covers all aspects for geometry and form recording at excellent 

level, but has no colour recording. The system is a high cost, professional metrology system. 

Figure 9.18 shows the profile for SUT4, also a high-cost metrology system. This sensor covers 
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the profile very well for high-resolution geometric recording of the object surface and geometric 

capability, and in the round, but has no capability for gloss or colour. 

All photographic-based technologies, SUT12 (Structure from Motion) and SUT13 

(photogrammetric multiview stereo), stood out for excellent spatial resolution of texture with 

excellent tonal recording, the latter due to the option to introduce a colour calibration into the 

processing workflow.  

Structure from Motion, Figure 9.22, was able to capture many aspects of a digital surrogate 

very well, especially colour tonality. The geometric and form properties were impeded by the 

high noise present in the dataset. While high colour fidelity and a good alignment were reached 

for SUT13, Figure 9.23, the quality of the 3D image in the round was not satisfactory 

In a medium cost range is SUT7 (tabletop portable triangulation laser scanner). The same sensor 

is examined as SUT7a for its high-resolution setting and as SUT7b for its medium resolution 

setting. This system was able to cover most criteria for the creation of a good digital surrogate, 

with colour and form recording were mid-range quality (Figure 9.20 for SUT7a). SUT7b 

collected less 3D surface data points, but produced better results in form recording. The overall 

detail in gloss, colour and geometry were lower than at high-resolution (Figure 9.21 for 

SUT7b). The ratio between the cost of the equipment (affordable), and the consistent quality of 

3D imaging results are certainly to their favour. The system is wide spread in cultural heritage 

institutions internationally and is very popular for research applications requiring surface 

profiling or measurement.  

Photographic technologies, as RTI/PTM, (Figure 9.24) and Photography (Figure 9.25) are not 

included in the synoptic overview. Their characteristic sensor profile graphic cover the bottom 

left part of the spider chart indicating excellent resolving power of the texture and tonal 

recording, very good for the inspection in detail, but limited 3D geometry output and limited 

2D measurement capability at the time of writing. 

 

In summary, the use of 3D in practice in a consumer and non-metrology environment will 

decide whether an inexpensive solution is preferred or a high-quality, but possibly slower and 

more expensive system. The emphasis might be on the quick and affordable delivery of 3D 

models, with the additional advantage to produce calibrated colour models from camera raw 

data. For heritage professional users, advantages of easy portability and affordability can 

counterbalance the excellence in geometric, spatial and colour recording accuracy. At the same 

time quality, accuracy and uncertainty of recording is largely dependent on the training and 

execution of the measurement through a professional or a trained operator. The planning of 3D 

imaging will be addressed by a new framework for better 3D recording and 3D imaging projects 

in Chapter 5.2.3. 
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 Software requirements for described evaluation procedures 

In this research project, a number of software packages have been used (Appendix 9.3.11). 

Please see Table 9.9 for a summary of essential and desirable functions in a software package. 

It was found that some of the freeware packages, such as the certified GOMinspect, are 

sufficient for covering the essential functions for metric quantitative 3D image evaluation 

according to the developed procedures and deliver numeric evaluations to assess the sensor. 

Often an evaluation based on the recorded data in relation to the known reference length / 

distance and diameter values of the Metric Test Object is enough.  

 Critical summary and limitations of methods used and further work 

Most Systems under Test were able to image the Metric Test Object in their Field of View 

(FOV). Usually, the time offered to conduct the tests by the operators of the SUTs were limited, 

therefore repeated measurements with an acclimatized object surface to optimize test 

procedures according to metrology guidelines, e.g. (VDI/VDE 2634 and Association of 

German Engineers (VDI), 2002) were not possible. Heritage institutions do not usually have 

environmentally controlled labs or stable optical benches. Consequently, the developed 

evaluation procedure needs caters for a series of quick tests with a 3D imaging technician, 

familiar with Metric Test Object and System Under Test (SUT). Tests have been be conducted 

in a non-controlled environment. Even though environmental data was noted, it was 

subsequently not factored in during evaluation. These factors may have influenced some of the 

accuracy testing results more than others, such as operator experience. The portability of the 

Metric Test Object was unproblematic on public transport or flights. 

A limitation of the recording methodologies was encountered, as the Metric Heritage Test 

artefact was initially developed with laser-based systems in mind. The artefact surface and set-

up was meant to be challenging the limits of recording of the 3D imaging technologies used. 

The metric quantitative tests were addressing single-view and multi-view recording principles. 

Only multi-view and mechanically tracked systems were able to address the recording of the 

length gauges. Photogrammetric systems were challenged by the featureless white ceramic 

spheres and black anodized base plate, and recording would only work with the projection of a 

pattern to enable image matching.  

The artefact represents difficulty for optical sensors due to its high gamut from very black (base 

plate) to very light (spheres). The anisotropic surfaces of the aluminium object on the geometry 

plate are different in appearance, and challenge the optical sensor with inter-reflection. This 

surface property might also be met on a real museum object.  

Overall, the design of the Metric Test Object geometric features and 2D test charts was 

successful. The next iteration of the Metric Test Object could be specifically directed to 

optimize evaluation of image based, and multi-view photogrammetric 3D imaging as the user 

testing suggests a movement towards the adaptation of existing camera equipment for the use 

of 3D recording.  
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The following desirable design improvements were identified for the Metric Test Object to 

cater for a 3D image-based modelling approach:  

 Integration of a flat surface to conduct the flatness test. The flatness test to ascertain 

system confidence was successfully conducted with an optical flat (Section 4.6.1). 

 The spatial distribution of the geometric features on the geometric plate needs to be 

optimized as their arrangement caused significant challenge for most imaging sensors 

that are not multi-view or tracked. Particularly the end faces of the length bars were 

partly occluded through the step feature. A promising approach to start the next design 

iteration would be by 3D printing the geometric features in separate pieces to be slotted 

into a common geometric base plate. Different distributions of the features can be 

tested, in order to optimize an arrangement on the plate that limits the presence of 

occluded areas. 

 The creation of collaborative surfaces for all 3D imaging techniques. For 3D image-

based techniques, coating or anodizing in grey or white would be desirable, with the 

option to include pattern on the surface. Coating or anodizing of the base plate in white 

to enable a pattern projection, or introduction of a surface with structured pattern to 

facilitate image matching. If surface etching for the creation of a lambertian finish is 

continued, the surface treatment for geometric features should be industrially tendered 

etching or vapour blasting for a homogeneous surface on all pieces.   

 A procedure for gloss recording should be further developed as well as the colour 

recording evaluation procedure.  

 A certified reference measurement service based on touch probe coordinate 

measurement by CMM should be complementing the existing measurements, for 

example by the National Physical Laboratory. 

 A threaded mount for mounting the Metric Test Object onto stable base plate, or option 

to mount onto an optical bench or a photographic tripod. 

 At the same time, the Metric Test Object and its associated test procedures should 

remain transferable for all other sensor technologies. 

The outcomes of this study will be used to inform collaboration with heritage institutions and 

research institutions for a next design iteration and practical application of the assessment 

procedure. A first step has already been undertaken by a collaborative STSM with COSCH 

between UCL CEGE and the Bruno Kessler Foundation, Italy (Toschi and Hess, 2014). 

4.13 Summary: Metric and quantitative evaluation  

This chapter approaches image quality of digital surrogates with methods from 3D imaging 

metrology for object recording and sensor verification. The work is carried out in the context 

of addressing heritage professional user needs for geometry and form recording, which emerged 

from qualitative testing (Section 4.2). The chapter includes a classification of existing 
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verification procedures (Section 4.3.1) and a classification of 3D imaging technologies used for 

this research, which are area based, line based and point based (Section 4.5). 

It has further described the design, manufacture and implementation of a new portable Metric 

Test Object as an independent sensor evaluation and characterisation standard, for use by non-

engineers. It can accommodate different close range 3D imaging systems and includes known 

geometric features (calibrated spheres, steps, angles, gaps, lengths) and targets for photographic 

quality assessment (ISO1607) for spatial resolving power, on a common base plate. An etching 

process was successfully used as surface treatment of aluminium alloy to create a lambertian 

surface to enable optical 3D recording (Section 4.3.1). Colour evaluation is integrated on the 

Metric Test Object, but an evaluation is not demonstrated as standard procedures are already in 

place through established photographic processes. 

The object is designed to enable a series of numeric evaluation tests for geometry and form 

recording based on engineering metrology to enable the scientific and metric understanding of 

3D recording quality. To assess a 3D imaging system capability a quantitative sensor evaluation 

workflow has been developed and described including the following elements:  

 A data collection methodology to capture relevant elements on the Metric Test Object 

 A data processing method for alignment and automated data segmentation 

 Repeatable test procedures for orientation, dimension, form and location, structural and 

spatial resolution. Collected data is evaluated against the reference dataset, using 

freeware and numeric tables 

 Implementation of the process through the analysis and interpretation of results in 

comparison with other sensors. 

The experimental phase validated the tests and data processing methodology. Data has been 

collected with eight technologies, including a diverse range of sensors, located at UCL and 

other institutions (Table 9.3.1). Summative evaluations of sensor capabilities and characteristics 

of a set of 3D imaging sensors are discussed (Section 4.12). Further numeric evidence is 

produced to establish the relationship between qualitative data (visual display) and quantitative 

data (metric accuracy) for 3D images (Sections 4.11and 3.7.1). The calculation of the spatial 

image quality is supporting and complementing psychometric evaluations (Section 3.7.1). The 

numeric results from quantitative metric evaluation help provide a connection to the provision 

of sensor characteristics, which can be mapped against a sensor requirement chart.  

 

The following contributions to knowledge have been made: 

 Confirmed the capability for verification of form recording of close range 3D imaging 

sensors by design and manufacture of a new purpose-built Metric Test Object for 

independent assessment (research question 2). A set of rigorous and repeatable 

procedure for sensor evaluation has been developed and demonstrated to meet the 

scientific understanding for 3D digital data. 
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 Developed and demonstrated a rigorous, repeatable and transferable, experimental 

procedure, including automated data segmentation, for metric evaluation of 3D form 

recording. The tests are oriented on procedures from engineering metrology, but have 

been designed to be quick and achievable in a short timeframe, by non-engineers. The 

data processing, metric quantitative analysis and evaluation uses free-ware and is 

therefore applicable for emerging future sensors on the market (with the reference 

dataset present). 

 Obtained metric evaluation results which have informed characteristic sensor profiles, 

designed to assist in finding the fit-for-purpose sensor for a specific imaging task 

(Appendix 9.3.12). Results demonstrate that better 3D object recording can be obtained 

by matching up user requirement profiles from qualitative testing with characteristic 

sensor profiles. 

 Developed a supporting procedure and a suitable Metric Test Object designed for the 

heritage professional users, which constitutes a contribution to cultural heritage 

practices. The developed procedure allows object reference metrics and scientific 

recording to be included in the data processing workflow with specific reference to 

conservation and heritage institutions. Workflow integration of sensor verification 

practices can be extended to sectors beyond the metrology community. The Metric Test 

Object can be used by both engineering and non-engineering users and is useful in other 

sectors using close range imaging, such as product design, arts sector and creative 

industries. The procedure will help to verify sensors independently of 3D scanner 

manufacture specifications.  

 The Metric Test Object is integral part of a proposed framework for better 3D imaging 

for cultural heritage objects. 
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5 Framework for 3D imaging projects demonstrated on 3D 

imaging case studies  

 

Figure 5.1 Diagram of thesis highlighting applied framework for 3D imaging on authors’ case studies 

 

In this chapter, the fourth research question is addressed: 

Can specifications be developed based on heritage professionals’ requirements to guide 

better 3D imaging practice in cultural heritage institutions?   

The first part of this chapter introduces the framework for 3D imaging projects and better 3D 

recording and highlights a practical approach to 3D imaging project management. A new 

framework for 3D imaging projects and better 3D recording is proposed in order to enable 

heritage professionals’ active supervision and development of 3D imaging programmes and 

creation of fit-for-purpose 3D imaging data. The framework brings together project 

specifications, 3D image quality criteria informed by user requirements and object properties 

(from Chapter 3) supported by 3D sensor capability testing (from Chapter 4), and including an 

iterative workflow taking into account the 3D image quality feedback by heritage professionals.  

A guideline on the writing of a project brief, followed by creation of specifications for a 3D 

imaging project in a heritage institution, will be outlined (Section 5.1.4). A metadata scheme 

will be suggested (Section 5.1.5) and further project management issues will be discussed. 

Furthermore, a workflow to ensure fit-for-purpose 3D image data through independent sensor 

testing with the New Metric Test object will be described (Section 5.1.6).  

 

In the second part of this chapter, the practical application of the framework will be 

demonstrated on case studies carried out by the author, selected from her own 3D imaging 

projects (Chapter 7). Three selected case studies present 3D imaging tasks for different museum 

artefacts. Case study 1 deals with a coloured wooden mask with simple geometry for 
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anthropological research use. Case study 2 deals with quite a large museum object of 12 metres 

length in a storage space that needs virtual reconstruction and digital repatriation. The final 

Case Study 3 describes dimensional monitoring for a precious and unique 1500-year old Ivory 

with complex surface geometry. Object provenance, properties and the 3D imaging task are 

presented and the digital representations are judged if they are ‘fit-for-purpose’ by users. This 

allows matching sensor capabilities, objecting properties and requirements and discussing their 

mutual relation.  

5.1 Planning and managing 3D imaging programmes  

 Recap of 3D imaging benefits and motivations for 3D imaging 

After two decades of well-funded and orchestrated 2D digitisation of libraries and archives, 

museums now start to explore 3D object digitisation for significant numbers of objects and the 

creation of 3D library content for detailed documentation, scientific and comparative analysis; 

public engagement both on site and remotely via the Web. 3D object libraries of selected 

artefacts are increasingly being integrated into publicly accessible websites. More broadly, 

projects such as Europeana are researching semantic 3D shape search to make 3D data available 

over the internet (review of digital documentation and 3D heritage recording in Section 2.1). 

As a further output, 3D prints from 3D data of the originals and reconstructions can enhance 

the understanding of objects and be part of display and exhibition. The obvious innovative 

possibilities for teaching, learning and research have been discussed in Section 1.1.3. As an 

example, new apps, augmented reality and gesture tracking to view 3D objects are currently 

under development. 

We are just at the beginning of this new movement towards 3D image libraries. The technology 

of 3D non-contact optical surface recording is well suited to conservation documentation and 

complements other analytical imaging techniques. However, the creation of 3D objects has not 

yet been integrated into the museum and conservation laboratory workflow. For many 

managers and curators 3D imaging resides under the label of ‘expensive and time intensive 

methods’ with uncertain outcome and low efficacy versus well-proven conventional 

documentation and assessment methods.  

The concerns of museum professionals are reasonable: whilst consumer grade systems are 

emerging, 3D imaging sensors are still expensive, workflows require craft orientated techniques 

and data quality are highly variable in outcome and fitness-for purpose. Best practice 

recommendations or specifications for tendering 3D imaging have been developed for built 

heritage, but guidelines and specifications for the 3D imaging of museum objects do not yet 

exist. 
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 Why a new framework for 3D imaging projects and better 3D recording? 

  

Figure 5.2 Venn diagram of framework for 3D imaging projects and better 3D recording 

 

For sustainable planning and costing the outcomes of a 3D imaging campaign must be 

predictable. Movement, handling and digitisation might be a ‘once in a lifetime’ event for a 

unique and precious museum object and need to be compliant with museum ethics. Museum 

objects can be characterised as individually hand-crafted artefacts with finest detail. The 

ultimate requirement for 3D digital documentation in the museum has the aim of creating a 3D 

digital surrogate of the real object. Ideally, this should be created by non-contact and non-

invasive methods, but must certainly be to correct scale with scientific geometry and colour 

recording at a spatial resolution that can accommodate the finest detail on the object. But which 

sensor should ideally be used? Often only a combination of 3D imaging sensors will lead to 

satisfying information about colour, material properties and geometry. A framework for 3D 

imaging projects and better 3D recording is presented to guide heritage professional users 

towards conducting their own 3D imaging projects and to enable heritage professionals’ active 

supervision and development of 3D imaging programmes and creation of fit-for-purpose 3D 

imaging data. 

In the 3DPetrie project at UCL Petrie Museum for Egyptian Archaeology, the inclusion of 

heritage professionals, particularly the digital curator Dr Margaret Serpico, in both processing 

and quality control, has given 3DPetrie’s models a geometrically and colorimetrically 

controlled and high quality outcome, which is, at the point of writing, unique in 3D digital 

heritage projects. Since 2010, the author of this research has contributed significantly to this 

aspect of developing 3D imaging programmes, workflow and quality control in the 3DPetrie 

project team, including the development of a metadata set and processing guidelines for a 

streamlined workflow in The Petrie Museum of Egyptian Archaeology. The workflow is 

described in detail in the publication: (M Hess et al., 2015). This research is aiming to take 

further steps in enabling heritage professionals to become more involved in the workflow and 

production process for 3D digital assets.  
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 Proposed framework workflow for 3D imaging projects 

A 3D imaging workflow usually used until now, above described in Figure 2.64, has been 

extended based on the observations made during this research project. Necessary additional 

steps have been identified to ensure a complete workflow conducted in the interest of the 

heritage professional. These steps are proposed within this framework for better 3D recording 

to give the heritage professional more control and the option for feedback into the process 

through clear specifications, a 3D sensor evaluation and quality control through a final visual 

inspection of the digital surrogate before approving the 3D deliverables. The workflow for 

larger scale 3D imaging projects can be adapted from the known workflow for projects.  

 

The proposed new framework recognizes the iterative nature of the process; the need for early 

planning for the long-term preservation of the resulting data; and feedback from metric sensor 

evaluation and heritage user feedback through quality control, see Figure 5.3. An integrated 

communication and evaluation process to ensure 3D image quality needs to be established 

between the imaging technician and heritage professional. As this is – from the author’s 

previous project experience – often not the case, heritage professionals see the 3D output for 

the first time after all workflow steps have been completed, and the outcome might not meet 

their expectations or specifications. The visual inspection of a 3D model by heritage 

professionals should be used to evaluate and thereby improve the quality of the outputs and 

feed back into earlier steps of the framework process.  

 

The new proposal for workflow steps for within the framework for 3D imaging projects can be 

illustrated as consecutive phases of a workflow. The graphic in Figure 5.3 is inspired by the 

‘waterfall model’ from software engineering including feedback loops. It describes several 

consecutive phases completed one after another. Failure cases at any stage require feedback to 

a previous stage(s). The model includes criteria for requirements, verification and evaluation 

and implementation of quality standards (Bassil, 2012). This illustrates that the workflow is not 

a single sequential progress, but that feedback might trigger the iteration of previous step(s). 

The cumulative collection of digital provenance metadata throughout the workflow is indicated 

as increasing arrow.  
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Figure 5.3 Framework workflow for managing 3D imaging projects in waterfall diagram.  The graphic is 

showing the iterative nature of the framework. The colours used in this figure reflect the colours used 

throughout this work. Blue stands for user and requirements, green stands for object, red stands for 3D 

imaging metrology and sensors. 

 

The single workflow steps are as follows:  

1. The first step in the workflow, the user concept development. It is based on the users’ 

motivation and requirements for a 3D imaging project. This encompasses the selection 

of an object by the conservator for the purpose of metric analysis, or a curatorial 

selection of a number of objects according to a story line that is intended to be told 

through the digital surrogates.   

2. After formulating the project concept, the user or heritage professional should create a 

project brief with defines user requirements and technical specifications for the 

tender of 3D recording of objects for the creation of 3D digital surrogates. This stage 

should integrate early planning for the long-term preservation of the resulting data and 

recognition of cost constraints. This can also be based on potential feedback from 

technical sensor evaluation (step 4) to user requirements. This is an essential and new 

step in the 3D imaging framework in comparison with typical workflows. User 

requirements can be drafted in a spider diagram according to Section 3.7.4. A proposal 

for the structure of the brief is further discussed in Section 5.1.4. 

3. Before starting 3D recording, a close look should be taken at the objects condition. A 

conservation assessment and a condition report conducted by a museum 

professional should precede any 3D imaging to avoid any damage to the object. This 

assessment includes a written note to rule out any unsuitable imaging technologies. For 

example, for objects that are brittle and fragile, the use of an automated turntable should 
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be tested before placing the object on it or could be ruled out by the curator to avoid 

any damage to the object by unintended jerky movements of the turntable. Automated 

turntables now usually have the option to set the speed at which they are moving and 

are usually unproblematic, on the contrary, they help avoid unnecessary handling. For 

organic objects, projecting light or using flashes that might have a UV component could 

or should be avoided. Objects might be replaced by other similar artefacts to enable a 

storyline, if the selected object is too fragile for imaging. 

4. The next new phase in the framework is metric quantitative 3D image sensor 

evaluation using the Metric Heritage Test Object to ensure that the sensor meets the 

specifications outlined in the brief. 3D recording and sensor technologies have variables 

as 3D imaging method, resolution, recording of colour information. An introduction to 

the different technologies has been given in imaging technologies for close-range 

heritage artefact recording, Section 2.3.3. The actual testing of the sensor is a first step 

toward better integration of 3D imaging into the museum workflow. It will equip 

museum professionals with a tool to conduct an independent comparison of the sensors 

on offer. As a result, an informed decision can be taken for a technology that best suits 

their specific requirements for data capture, before an expensive investment or a task 

tendered to a consultant. Sensor technologies and software are subject to continuous 

technological improvement. Sustainable 3D colour imaging of a collection requires a 

standardised object and validation protocol against which long term outputs can be 

judged. Section 5.1.6 describes how to set up the workflow for the evaluation procedure 

is discussed in more detail in. A systematic procedure for sensor testing has been 

described in Section 4.3.1.  

5. When the 3D imaging project specifications have been confirmed and a suitable 3D 

technology has been found, 3D recording and data acquisition can be started.  

6. This will be followed by known processing steps. Processing steps include 

• Alignment/ registration. 

• Edit geometry and colour data to improve the quality towards a 3D digital 

surrogate  and to answer to imaging specifications (e.g. for optimal visual 

effect). 

• Produce full resolution 3D coloured pointcloud. 

7. The processed model is now be modified and converted into a 'fit-for-purpose' model. 

Steps can include: 

• Filter data, enhance the colour, or segment the data into structures. 

• Convert to triangles (TIN) with texture map/ colour per vertex / NURBS model/ 

Polygon model. 

• Adapt data for final purpose; e.g. web delivery, education and exhibition. 

8. An essential new step in the framework for better 3D recording and 3D imaging projects 

is the annotation of all steps with digital provenance metadata. The proposed aim 

is the integration of metadata into the heritage institutions’ repository or management 
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database system for sustainable and retrievable data storage. This is for local use, but 

also for sharing information between heritage institutions. To date, the extension of 

these database systems is underway to hold a 3D data repository. The proposed 

metadata scheme is described in Section 5.1.5.  

9. A further proposed step, which has successfully been applied and practiced in the 

3DPetrie project, is quality control of the deliverables by the 3D imaging project 

stakeholders, i.e. through the heritage professionals. Quality control is included to 

ascertain authenticity of the digital versus the real object. The most discerning 

audiences are curators and conservators who are usually visually highly trained 

professionals able to discern the smallest details and visual errors. The quality control 

ensures that requirements for a ‘valuable 3D asset’ are met, by visual inspection next 

to the real object. This quality review should be supported by a complete documentation 

(metadata and processing annotations), and must show evidence of geometric and 

colorimetric fidelity as detailed in the project brief and specifications.  

10. The final step of the framework is the publication of the deliverables. This can be in 

the form of 3D images presented in the gallery with interactive apps, or a 3D image 

library on the web or downloadable apps. Further outputs can be 3D prints or physical 

replicas for research, tactile experience and education, but also as museum 

merchandise. 

 Writing a project brief for 3D imaging of a museum object 

To make an informed decision about a 3D imaging project of one or more objects, and to plan 

and cost the whole workflow, a project brief should contain user requirements and 

specifications for the final 3D digital surrogate deliverables, which need to be communicated 

to the 3D imaging technician before embarking on a project. Particularly specific requirements 

leading to a 3D digital surrogate of a heritage object including factors such as recording data, 

processing data and modelling data. 

An on-site meeting should be considered to clarify these approaches. The brief will include 

specifications, target audience, viewing requirements as well as any plans for re-purposing the 

3D model in a different context, which might make derivatives of the 3D model necessary. The 

scope of 3D imaging and recording needs to be clear from the onset to assure that choice of 

sensors, settings and subsequent processing will be successful. 3D scanning must be planned 

and timed thoroughly, specifications must be clear in order to avoid necessary additional work 

later. Professional 3D imaging services can only guarantee to work towards your project 

expectations if these have been clarified in advance.  

The outcome will be high-quality models that are fit-for-purpose. The 3D imaging project 

should also describe contribution and impact on institutional strategies and plans for the 

location of digital data storage. Please refer to Appendix 9.4.1: ‘Project brief elements’ with a 

systematic list.  
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 Metadata scheme for 3D deliverable and for data management 

Keeping in mind the call by the London Charter to guarantee transparency and to have a 

documentation containing as many steps of the decision making as possible and based on 

practical project experiences, a metadata scheme is suggested (Appendix 9.4.2). To maintain 

all information of the 3D image production metadata set should contain the following 

information: who recorded what with which technology? With which degree of accuracy was 

it aligned (RMS for ICP algorithm), which priority was given in colour processing?  

The user is called upon to integrate all necessary processing steps, to separate out procedures 

that are mainly a mathematical process from any follow on steps that involve human decision 

making. Adaptations of the metadata scheme may be undertaken to better serve the inclusion 

into institutional repositories and existing (museum) digital asset management scheme in their 

institution. 

 Workflow for metric quantitative capability testing for 3D imaging 

sensors 

 

Figure 5.4 3D sensor evaluation workflow.  The colour red stands for 3D imaging metrology, blue 

stands for users’ requirements.  

The scope of sensor verification is to enable heritage users to make an informed decision for a 

sensor type based on metric outcomes using an independent testing artefact. These performance 

assessments will be aligned with the current and projected future needs of museums, thus 

enabling them to make metrology-based decisions when procuring metrology equipment and 

managing volume scanning of their collections as a managed measurement project.  

The Metric Heritage test artefact is suitable for testing form and geometry recording of currently 

available close range 3D imaging capable of producing a 3D pointcloud or 3D polygon model 

of the artefact.  

The evaluation tests can be conducted by non-engineers with the freeware inspection software. 

After capturing data, post processing software is used to perform a broad range of tasks, 

including alignment, filtering and analysis (Section 4.3.1). The workflow for the sensor 

evaluation using the Metric Heritage Test Object follows the steps in Figure 5.4.  

Preparation for measurement 

Please ensure to have the following framework steps in place before you start the 3D imaging 

for evaluation testing.  
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 3D imaging system is in place, cameras and lights installed optimally, system 

calibration in place. 

 Imaging sensor needs to be started correctly and warmed up sufficiently according 

to manufacture specifications. 

 Record temperature in the room. 

 Laser or photogrammetric exposure and time was optimised to the geometric 

artefact. Do not change recording conditions between acquisition of each record and 

each position (light, lens, exposure, field of view etc.).  

 Suitable combination of base plate, form artefact plate (3D), and (2D) is chosen 

depending on the field of view of the 3D imaging device. The optimal combination 

is the baseplate carrying once the geometric features, and then is exchanged to the 

2D plate. 

 Base or plates are stable placed on the workbench in a stable fashion (gluing them 

with a hot glue might help keeping them in place during the measurement). 

Workflow for Sensor Evaluation 

The systematic procedure for sensor evaluation of form recording has been described in Section 

4.3.1. The metric quantitative tests based on metrology procedures are conducted as follows:  

1. Preparation for measurement of a defined quality parameter for form recording (Section 

2.3.8). 

 Decide on Test / verification needed 

 Prepare measurement system (warm up, routine calibration etc.) 

 Prepare artefacts, sufficiently stable setup 

2. Data capture of the Metric Heritage Test Object according to Test Procedure. 

 spheres/ step artefact/ gap artefact/ angle artefact/ length / resolution Target 

3. Calculation and analysis of results. 

 Appropriate software/ appropriate methods (ICP alignment etc.) 

4. Evaluation and interpretation of results, assessment of 3D image quality. 

 Analysis of data 

 Discuss and interpret results 

5. User decision based on the evaluation results for or against a 3D imaging sensor. 

The Metric Test Object also includes targets suitable for colour and gloss testing, but these tests 

are scope for further work.   
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5.2 Case studies 

In the second part of this chapter, the practical application of the framework will be 

demonstrated on case studies carried out by the author, selected from her own 3D imaging 

projects (Chapter 7). These case studies vary across disciplines, collection, object material and 

size. Objects have been digitized with multiple methods, which are each evaluated against their 

delivery towards the requirements.  

 Abelam Yam Mask: 3D recording for anthropology research  

 

 

 

Figure 5.5 UCL Ethnographic Collection for Masks M.16.  Right: Index Card Catalogue. Middle: Light 

wooden mask with the same accession number, right: Abelam Yam Mask of heavy wood, subject of the 

case study. 

This case study deals with a coloured wooden mask with simple geometry. The requirements 

of 3D imaging used in anthropological research practice for the task of formal analysis and the 

documentation of ephemeral and intangible heritage are considered. The Abelam Yam Mask 

from the UCL Ethnographic Collection has a known provenance. The collection’s curator is 

interested in a fast, but faithful, documentation of the mask, as it is a heavily used teaching 

collection item.  

Aim and scope of case study 

The object has been digitized with multiple methods, which each are evaluated against their 

delivery towards the requirements. This case study has its focus not on conservation 

documentation, but on looking at the anthropological practice of describing an object with 

elements of formal analysis, and is questioning if this practice can be enhanced or improved by 

using 3D digital representations. If so to what level of detail is the 3D needed? Is the authenticity 

of the 3D object an issue, regarding geometry and colour, and does it represent a digital 
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surrogate? The interest in 3D imaging and presenting this mask to the heritage professionals in 

charge was to ascertain if these methods could be used  

a) out in the field to take home records of the cultural artefacts and ritual setup by the 

curator/anthropologist him/herself and  

b) if these records were useful for conducting a formal analysis and comparison of a single or 

multiple masks of this kind and c) for local use in the collection by the curator and conservator 

themselves.  

Object properties  

The object selected for this case study has the accession number M.16 (2 wooden Abelam Yam 

masks, drawer 3H, material culture room, UCL Anthropology) and is the heavier of two similar 

wooden Yam Masks under the same accession number in the same drawer. Both masks are 

painted yellow orange and black, and show traces of white paint.   

The mask is medium size, made of organic materials, hardwood, painted with strong pigments 

on the front. The overall shape of the object is oval, with an added flat border of about 4cm 

around with varying widths and 1cm thickness, and then the oval face is projecting out in a 

rounded surface. The elongated part of the mask is along the fibre direction. Most probably, the 

outside curved surface of the mask would have been the outer side of the tree. The facial features 

like the smiling mouth and nose are carved out. The nose is an elevated ridge of about 1cm 

wide and 6cm long coming out of elevated eyebrows and forehead. The front is convex showing 

sharply carved features, whereas the back is concave and roughly worked with tools. It is 33cm 

high, 22cm wide, and at its highest point from the support to the forehead 8cm high. The 

material thickness varies from 1cm to ca 6cm. The general surface appearance is matte, not 

glossy and thus compatible with optical surface imaging methods. The conservation condition 

is stable, but the mask shows cracks, pigment loss and burrow holes of insects. The object 

properties profile is illustrated in Figure 3.27. 

Object provenance, significance and cultural context 

The provenance of the wooden Abelam Mask is well documented. Phyllis Kaberry worked with 

the Abelam tribe in Papua New Guinea in 1939, where it might have been given to her as a 

present or where she collected it. Kaberry then worked at UCL Anthropology from 1940 

onwards and loaned the mask to the UCL Ethnographic Collection. The mask is part of the 

Yam Festival and is one of the elements of a temporary installation of the Long Yam wearing 

a mask (Figure 9.26 and Figure 9.27). Kaberry’s pioneering research methods changed modern 

ethnography and the anthropological approach of object analysis. Formal analysis with 

comparing shapes and forms moved on researching relationships and ‘signification’ of culture 

around objects (interviewee 3808). To read about the Abelam Masks’ provenance, its 

significance and its cultural context, the reader is directed to Appendix 9.4.3. 
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User requirements of stakeholders: conservator, curator / anthropologist  

The following requirements were given before the imaging started: The curator / anthropologist 

wanted a digital representation with correct proportions, correct colours and a correct display 

of the material properties with the aim to conduct a comparative formal analysis between 

several masks, starting with the two wooden masks in the collection. These digital images 

should feature excellent texture rendering, high colour fidelity. The geometry inspection does 

not seem to be so prevalent. The model should be easily manipulated, and if possible compared 

to other masks the same type. User requirements are illustrated in Figure 5.6. The 3D imaging 

technician was aiming a metrically correct and colorimetrically correct representation of the 

mask, for conservation documentation, with the recording of the pigments, paint loss, including 

wood cracks and the insect burrow holes (not shown in graph).  

Sensor capabilities: 2D, Structure from Motion (SfM), 3D imaging 

3D imaging of this mask has produced two datasets from 2009 and 2013 with the 3D colour 

laser scanner, which allows comparing technical step changes and querying if the 3D image 

dataset is fit-for-purpose in a presentation to the stakeholders. Additionally this mask was 

imaged with Structure from Motion (SfM) by an SLR camera to test the whole cycle of colour 

calibrated images through to the final 3D model with images, and a consumer software 

(SUT12). SfM imaging datasets have been produced in the Ethnography Material Culture room, 

with a view to be repeated by the curator in the collection or in the field, based on consumer 

grade sensors and photographic techniques. Consumer grade 3D scanning was demonstrated 

during the interview with the heritage professionals (Figure 5.8).A list of imaging performed 

on the Abelam mask can be seen in Table 5.1.  

An analysis of the results from digital imaging can now be compared with user requirements. 

Figure 5.6 shows profiles of different imaging technologies used on the Abelam Mask. The 

profiles for the anthropologist curator can be seen separately in Figure 3.30, for the different 

recording sensor profiles (Appendix 9.3.12). 
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Figure 5.6 Overlay of user requirements and sensor capabilities for the Abelam Mask case study. 

The users are curator/anthropologist for the 3D imaging of a wooden medium size mask. 

Viewing and 3D image quality evaluation of digital representations 

 

Table 5.1 Rating for 2D and 3D imaging of the Abelam Yam Mask 

For the anthropologist the 3D imaging of the mask was a possibility to discuss the opportunity 

of formal analysis options which a digital surrogate would give for the ethnographic praxis in 

relation to other objects or alone. The interviewees proceeded to rate the image quality of six 

digital representations, as shown in Table 5.1. Images of the different representations can be 

found in Appendix 9.4.3. There was a consensus between both interviewees in most cases. The 

colour could be judged as the real object had been brought over to the interview, to view it 

alongside the digital images. Both the curator and the assistant curator had a very acute eye for 

the colours. The colour calibration conducted by the author for the images were compared to 

the real object. The 2D photography taken of the mask, with a Nikon D700 camera, was 

regarded as ‘very good’ at a high-resolution (Table 5.1, Figure 9.28 and Figure 9.30). While 

the colour recording of SUT 1 from 2009 was deemed only ‘fair’ and useful for basic 

Digital representation excellent

very 

good good fair poor

not 

worth 

keeping comment

1 2D photography 2

6514: very impressive, reds (colour spectrum) missing. 

3808: perhaps some issue with definition (slightly 

blurry)

2 3D colour laser scan from 2009 2
6514: useful for basic observations. 3808: incomplete 

(holes)

3 3D colour laser scan from 2013 -not colour corrected 2 6514: but colours too saturated. 

4 3D colour laser scan from 2013 - colour corrected 1 1

6514: a lot of details, very useful for detailed analysis 

3808: some colours could be more saturated - yellow, 

black.

5 Low cost scan no colour 2

6514: very useful for abstract studies or for series of 

object studies. 3808: very good analysis , for 

interpreting general features.

6 123 Catch 2 3808: very useful for analysis of details.
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observations with very dark colour rendition (no.2, Table 5.1, Figure 9.29), most 3D digital 

images were ranked ‘very good’. The colour-calibrated 3D colour laser scan was rated 

‘excellent’ by the conservator (no.4, Table 5.1). This high-resolution scan was welcomed, even 

if not initially part of the user requirement of the curator. High-resolution digital data also enable 

to quantify tool marks or manufacture sequences with an adze (shaping and cutting tool for 

wood), which was positively welcomed by the curator. Further measurements would lead to 

more knowledge about the order of carving strokes into the wood. The greyscale consumer 

grade 3D recording (no.5, Table 5.1, Figure 9.34, Figure 9.32-right, Figure 9.33 -right) was 

rated ‘very good’ and recognized as very valuable tool of an abstracted way of looking at the 

object, much like a diagram or line drawing with the reduction to only the most relevant 

features. The interviewees could see a use for its application in the study of a series of objects, 

and for interpreting general features.  

Both participants ranked the SfM -123Catch 3D image (no.6, Table 5.1, Figure 4.57) as 

‘excellent’ for its usefulness to analyse details. In all 3D representations, it was found useful to 

switch off the colour, and inspect the surface for material properties and tool manufacture signs. 

From the imaging technologies used, it was thought that the 3D colour laser scan would come 

closest to the requirements, but it was found that SfM (SUT12) matched the user requirements 

best. 

 

Figure 5.7 Curator and assistant curator 

compare the 3D colour laser scan to the real 

object. 

 

Figure 5.8 Ethnographic Collection curator trying 

consumer grade 3D scanning his object. On the 

screens are greyscale scanning results. 

Findings, conclusions and future work 

All digital outputs were presented to the anthropologist to probe their usefulness for inspection 

and analysis. Formal analysis was discussed as methodology for ethnographic analysis of 

material culture. The 3D scanning technologies have massive potential to conduct comparative 

analysis for form and colour in digital form.  

Interviewees were fascinated by the option of immediate recording using the consumer-grade 

3D methodology SUT11. It has indeed potential to be used in field work, with appropriate 

training and sturdy technology (like weather and heat-resistant laptop). Image-based recording 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Framework for 3D imaging projects 

Page 244 

(SfM from an SLR camera) is also achievable in the field with some training and appropriate 

small kit. These technologies would not only enable the anthropologist to record the overall 

setup of the overall ephemeral set-ups for rituals that can be regarded as intangible heritage, but 

also small details with the same equipment. The quality of these recordings is lower than high 

resolution 3D laser scanner, but it could enable to capture scenes in 3 D that have not previously 

been recorded, such as the growing structure of the yam or the ongoing changes of the 

construction around the growing mount, as well as the temporary set-ups of Yam Festival. The 

3D images were received favourably and great potential was seen in their application for UCL 

Ethnographic Collection and in a wider context. 3D imaging is advantageous for documentation 

and monitoring of the condition. The collection is interested in the quick but faithful 

documentation of the collection for their records, as it is a heavily used teaching collection, or 

for field work. The questions of authenticity and digital surrogacy were not discussed in this 

interview. 

A reconstruction of the setup of the Yam festival (Figure 9.27) could be delivered on the basis 

of an image to integrate the mask in its environment, which is scope for a future project. 

 The Western Solomon Islands War Canoe: 3D documentation, virtual 

reconstruction and digital repatriation 

The second case study describes a project with the aim of virtual reconstruction and digital 

repatriation of quite a large museum object: a canoe 12m length in a storage space of a museum. 

As it is the last example of its kind for the craftsmanship and type of object, it was one of the 

aims to make the digital 3D image of the boat accessible to the source community in the 

Solomon Islands, but also for the general public and researchers. 

Aim and scope of the case study 

The artefact addressed in this case study is a large plank canoe of 12 metres length, with 

complex geometry of distinct internal and external construction elements, and decorative 

elements of feather and shell inlay. Deliverable for a 3D record was to document the relevant 

structural and iconographic elements of the boat. The aim of the 3D imaging project was the 

transfer of knowledge and technology know-how about the manufacture of the boat to a remote 

source community in the Pacific’s by 3D imaging in the round and digital reconstruction. 

Accessibility to the 3D model through the integration on the public collections database was 

also aim of the project. 3D laser scanning is paired with anthropological research, which aims 

to deliver a holistic virtual 3D reconstruction and multimedia interactive delivery of the 3D 

digital surrogate.  

Object properties and provenance 

The Vella la Vella War Canoe from the Solomon Islands had been exhibited at the British 

Museum until the 70ies, and has been in storage ever since (British Museum Collection 

Database, 2014). The project delivers the 3D digital documentation of a highly significant 
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cultural heritage object from the Melanesian Southwest Pacific, held in the ethnographic 

collections of the British Museum. The object, which dates from about 1910, is a large plank-

built war canoe from the island of Vella Lavella in New Georgia, Solomon Islands.  

User requirements 

The description of the user requirements is illustrated in Figure 5.9; the numbers in round 

brackets are related to the normalised values on the diagram.  

The anthropologists involved in these projects are eager to document and digitally reconstruct 

the relevant structural and iconographic elements of the boat. The appearance of the War Canoe 

should be reconstructed and visible in its original glory. The time employed for imaging the 

canoe had to coincide with their presence for research at the British Museum Store. (Spoke 6: 

Time employed = 0.5, blue line). The profile illustrates that the anthropologist in this project 

expected the recording of the complete hull and interior of the boat with all its details (Spoke 

1: smallest perceivable detail = 1). If holes should occur these should be closed in the modelling 

process to represent a holistic model (Spoke 2: surface complexity and consistent visual 

appearance =1). 

The curator of the object, and the Pacific’s Collection at the British Museum, was able to 

accommodate a more flexible time-frame for imaging. Expectations on the amount of imaging 

that could be achieved were initially beyond what could be delivered (Can you scan three of 

these canoes in this time and while you are here?) but were adjusted during the ongoing project 

for the benefit of detailed documentation. The 3D imaging team needed one more week than 

planned under constant supervision of the British Museum team and was gladly accommodated 

in order to complete this 3D digital documentation (Spoke 6: Time employed = 0.16, green 

line).  

Both users, curator and anthropologist, agreed that the metric recording and the colour fidelity 

should be at the highest quality (metric recording =1, colour fidelity = 1).  
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Figure 5.9 User requirement diagram for the Solomon Islands War Canoe  showing two users: the 

curator of the Pacific collection and the anthropologist researcher of canoes in the Pacific’s. 

3D imaging and 3D reconstruction 

 

Figure 5.10 Object propertis and sensor capabilities diagram for the Solomon Islands War Canoe.  

 

Based on the object properties (purple line, Figure 5.10) the requirements for detailed metric 

recording the method used to record the status-quo for the 3D imaging of the large canoe was 

an optically tracked 3D triangulation laser scan (purple line, SUT4, detailed description in 

Section 2.3.3). As this sensor cannot record colour the laser scan was paired up with 

photogrammetry for colour recording (green line, colour fidelity =1). 
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Two weeks were spent in the British Museum storage to record 3D surface data of the object. 

17 single scans were aligned through an independent datum system and processed to form a 

base-line image for further 3D reconstruction. Based on historical publication, interview with a 

community member, and in-situ research by the Bergen project partners instructions were given 

to conduct a correct digital 3D reconstruction. Some of the elements needed to be 3D modelled 

from scratch. Manual modelling virtually placed the bow and stern in its original position, and 

the frontal ornaments, like quills of feathers, red textile and cowry shells were remodelled. The 

reconstruction and modelling took the exorbitant time of 1:20. The final 3D model was 

additionally enhanced by rendering in other graphic software, and compelling images and films 

were produced. 

 

Figure 5.11 Historical example of a 

Vella la Vella War Canoe, Solomon 

Island 

 

Figure 5.12 Dr Cato Berg with an interviewee from the 

Solomon Islands, in the background 3D scanning activity. 

 

Figure 5.13 Solomon Island War canoe at the British Museum.  Left: 3D handheld laser scanning of the 

Solomon Islands War Canoe in the British Museum store (please note, no prow or stern). Right: 3D 

image of geometry and with reconstructed attached prows; 
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Figure 5.14 Prow ornament ‘nguzunguzu’ of Solomon Island War canoe at the British Museum. 

Left: Prow ornament unattached in store, right: digital reconstruction of prow with all details in colour. 

 

Figure 5.15 Virtual reconstruction of the Solomon Island War canoe at the British Museum. 

Underneath: Deconstructed 3D model showing ribs of the canoe; Right: combining photogrammetry for 

a 3D colour reconstruction of the outer hull; Right: details of the colour reconstruction with complete 

decoration of the prow and stern. 

The technical solution for 3D imaging was successful, even though the time of 3D recording 

could be significantly shortened today by introducing an additional technology, a quick Time 

of Flight Terrestrial laser scanner (for example FaroFocus3D) to allow an overall record, which 

would make the registration of the single high-resolution handheld scans, and the 

photogrammetry easier.  

In anthropological fieldwork on the Solomon Islands showed that the 3D digital model was 

successfully used to instigate conversation about the object, as a representative of the old craft 

(Robson et al., 2012). A first preliminary model without prow and stern was not recognized as 

a valid 3D model, whereas the iconographic reconstruction side view was recognized as one of 

their own and received very positively by the source community. Despite the availability of 

metric results from the 3D imaging project a reconstruction was not approached.  

Findings and conclusions 

This project helped to approach digital heritage critically and emphasized that issues of access, 

authenticity and knowledge are crucial factors that are situated within specific cultural 

frameworks and understandings that require sensitive handling. Authenticity from an 

engineering standpoint, is embedded in the scientific method and the metric qualities of the 
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documentation, whereas, the authenticity seen from an anthropological point of view is entirely 

different. The success of this cross-disciplinary project is that it focused on the needs of the 

local community. In turn, in delivering a technological solution to the restitution of cultural 

knowledge, it led to new understandings about the technical construction of the war canoe, 

which was shared between Solomon Islanders, museums and anthropologists. Since digital 

heritage technologies offer the only feasible way that many indigenous communities will get to 

access their own cultural heritage held in Western museums, this project underlines the 

importance of designing technology in consultation with source communities.  

Overall, 3D recording has been shown to be a valuable tool for virtual reconstruction and digital 

repatriation, and relevant to anthropological research. At the time of writing, the integration in 

the British Museum database has not been possible since 2009. Integration of 3D data in 

museum repositories is a desirable for the development of searchable museum collections 

databases and 3D imaging libraries. 
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 The Byzantine Ivory plaque: Monitoring of dimensional changes 

 

Figure 5.16  Photography and X-ray of the Byzantine Ivory (Copyright: Trustees of the British Museum.) 

a) Left: Front of the ivory panel. The approximate location of the break is shown by a red dashed line. b) 

Middle: Back of the ivory panel. c) Right: X-ray of the ivory panel showing the metal pins in white.  

 

This final case study describes dimensional monitoring of a precious and unique 1500-year old 

Ivory with complex surface geometry. The project applies high-resolution 3D laser scanning to 

one of the most important early Byzantine objects belonging to the British Museum: an ivory 

panel showing the Archangel Michael holding a sceptre and orb surmounted by a jewelled 

cross. The panel has become warped over time and suffered a break, which was repaired by 

conservators using pins and an adhesive in 1954 (see conservation records, Figure 1.1). But 

there are now concerns about the stability of the panel. As the geometry of the panel is complex, 

it was felt that microscopic imaging would not be suitable to monitor its stability and it was 

decided to investigate whether 3D laser scanning, an optical surface recording technique, could 

be used instead. This technology is increasingly used in cultural heritage and conservation to 

record minute 3D changes with high spatial accuracy, see for instance (Hallet et al., 2008) and 

(Hallet and Robert, 2013). A collaborative project was started in 2012 between The British 

Museum and UCL CEGE to monitor the stability of the panel using 3D laser scanning.  

Aim and scope of case study 

This case study is applying high-resolution optical 3D surface measurement to the ivory plaque 

showing the Archangel Michael. It is the largest single piece of ivory to have survived from 

Byzantium and described as ‘exceptionally beautiful’ (British Museum, 2013a) due to its 
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intricate carvings. However, the panel has become warped over time and there is a join on the 

left side, where it has a suffered break in the past. It has been connected with two metal pins 

and adhesive in a previous conservation, which could have an adverse influence on natural 

movements within the ivory. Given the importance of the panel, the decision was made to leave 

the pins in place and monitor the stability of the panel.  

The British Museum team, a curator, a conservator and a museum scientist, decided that the 

current methods for documenting and measuring the object were not instructive enough for 

conclusions about the ongoing movement of the object caused by relative humidity (RH) and 

temperature (T). When asked which methods were usually used for dimensional monitoring 

methods named were detailed photography from front and back, no side views, and textual 

description, sometimes tactile gauge measurements. Therefore the team decided that they 

would involve scientific 3D optical surface imaging by laser scanning ‘in the round’ to get 

evidence and metric quantitative data of any occurring movement on the object, in a repetitive 

fashion for monitoring purposes (Korenberg et al., 2012). 

 

From a 3D imaging metrology point of view the scope of this case study is therefore to produce 

an accurate traceable and repeatable surface measurement for dimensional monitoring, i.e. 

observation and subsequent analysis for evaluation of minute movements of any occurring 

changes over time.  

The focus was to ascertain any dimensional changes and movement of  

 A join longitudinally through the object.  

 The overall geometry of the ivory plate.  

 Another aim is to test to which degree of accuracy a repeated metric 3D 

recording can be performed on ivory. 

The 3D measurement should be repeatable for future monitoring sessions when the object 

returns to the 3D imaging laboratory at UCL in 2014, with a view to repeat it in 5 years. 

Object properties 

The object imaged in this project is the ‘Ivory Panel showing archangel’, a byzantine Ivory 

from Constantinople, about AD 525-550, accession number M&ME OA 9999, a very rare 

object of the British Museum. The ivory panel was made in approximately AD 525-550 and its 

dimensions are 428 mm (length), 143 mm (width) and 9 mm (thickness) (Figure 1.2). The ivory 

has been identified as elephant ivory (Cartwright, 2014). It is one of the two leaves of a diptych, 

the left leaf being lost. The craftsmanship and beauty of this object are exceptional. The carving 

is made of an ivory tusk and is exceeding the width of the tusk resulting in angled corners on 

the left hand side. Laminae of the ivory material are clearly visible. The front is intricately 

carved with 3D architectural elements in the upper part, a flower shape and a richly decorated 

niche over St Michael. Fluted decorated columns frame the Archangel in a Greek tunic holding 

an orb and a staff and standing on top of a flight of stairs. The back of the panel shows a faded 

ink inscription in Greek. 
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Object provenance and significance  

This object came into the possession of the British Museum in the 19th century with no further 

information about its provenance. It is thought that the left leaf might have depicted Emperor 

Justinian (reign: AD 527 – 565), to whom the insignia would be offered. The artefact is 

attributed to the imperial workshop in Constantinople. Byzantine ivories were often decorated 

with polychromy and gilding. However on this object there does not appear to be any evidence 

of applied decoration (Ambers and Russell, 2013). Further description of the panel and its 

significance is available on the British Museum database (British Museum, 2013a) and from 

(Buckton, 1994).  

Conservation history and object display 

At the beginning of the project, the ivory was on display in the British Museum in Room 2 in 

case 62. It was mounted vertically and held in place by covered pins and the showcase was 

conditioned at 50 % relative humidity (RH) (daily variation < ± 5 %RH), Figure 5.37. The panel 

has warped over time and its conservation condition is fragile. It has a longitudinal fracture 

running along the laminae structure of the ivory on the proper right side of the panel. It is not 

known when the longitudinal break through the object might have developed, but it is suspected 

that it appeared during storage in an unconditioned environment in the early 20th century due to 

the heating of rooms from that period onwards. Conservation records from 1954 state that metal 

pins were used to join the parts at two points across the join (Figure 1.1). These are also visible 

in an X-ray of the object (Figure 5.16c). A cellulose nitrate adhesive, Durofix, has been applied 

in two places and the gap has been left open in case ‘the gap closes naturally’ according to the 

conservation record. The small acrylic fill in the join at the point where the orb is held in the 

angel’s right hand was added in about 2007 for aesthetic reasons and also to give additional 

support across the join. Due to the warping, the two parts of the join align only at the top and 

bottom. There is now concern that the metal pins could be having an adverse influence on 

natural movements within the ivory. However, the removal of the pins could be damaging to 

the object and it was decided to monitor the stability of the panel.  

Brief review: Metric and dimensional monitoring of organic materials 

Ivory, as a material, is both hygroscopic and anisotropic, so expands and contracts by different 

amounts in different directions in response to changes in RH and temperature. This causes a 

build-up of stress in the ivory and can result in cracks and breakage (Lafontaine and Wood, 

1982). Specific monitoring procedures for preventive conservation and during ongoing 

conservation have already been applied to wood panels and panel paintings. Small deformations 

of organic material and objects can be measured through hygro-mechanical monitoring 

(Allegretti et al., 2013). Another method is careful installation of reference points on the object, 

followed by distance measurement using dial gauges and digital Vernier callipers at regular 

intervals (Allegretti et al., 2014). Methodologies for dimensional monitoring using surface 

imaging are known and have been tested by (Boochs et al., 2008) and (Guidi et al., 2007). Non-

contact deformation monitoring by photogrammetry was demonstrated by (Robson et al., 2004)  
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While 3D laser scanning is no more exact than microscopic imaging (with 10x magnification 

and higher), the ivory panel has a complex surface that would make it difficult to capture the 

warping accurately using a 2D method. On the other hand, 3D laser scanning should allow 

monitoring of the movement of the plaque in all axes of movement. This allows a much better 

evaluation of dimensional change of the material than microscopy or 2D photography from 

front and back. Observation about material-typical changes, radial movement and reversible 

deformation can be quantified and demonstrated. To our best knowledge, scientific projects 

using close range 3D imaging with the aim of monitoring the spatial stability of organic 

materials, such as ivory, have so far not been pursued. 

User requirements of stakeholders: curator, museum scientist and conservator 

To set user requirements, a first interview was held with the object curator, and a second 

interview with conservator and museum scientist was held. After getting a good definition of 

user requirements and expectations, 2D analysis of the ivory and 3D models and were 

presented, to see if the measurements methods were according to requirements. 

Curators requirements  

The ivory had been on loan to an exhibition in Bonn, Germany in February to June 2010 

(Exhibited: 2010, 26 Feb-13 Jun, Germany, Bonn, Kunst- und Ausstellungshalle der 

Bundesrepublik Deutschland, Byzantium: Splendour and Daily Life (British Museum, 2013b). 

At its return, Chris Entwistle, the curator of late Roman and Byzantine Collections, had the 

impression that the two parts of the ivory panel, which are separated by the crack or join, had 

moved against each other or the crack had widened. Questioned why he wanted to apply 3D 

imaging to the ivory, the curator explained the significance of the ivory and his motivation to 

include 3D imaging: 

It is one of the most important surviving Byzantine ivories. And it is certainly the most 

important in our collection. So we routinely get requests to borrow it, because of its 

importance. In my 30 years’ time as a curator I have only lent it once to an exhibition 

in Bonn a number of years ago. And obviously any concern of any object we lend is 

that it has to be passed by our conservation department first of all. So the object has 

this long crack down the one side of it. And both myself and the conservator have 

looked at it before it went on loan, thought that when it returned it [the crack or join] 

looked slightly wider in places. And this was when she suggested we really need to 

know whether there is movement. She we then heard about your program here and 

given the extraordinary accuracy of the measurements which you are able to make, it 

seemed a very good idea, that over a period of couple of years, we are trying to 

ascertain whether there was any movement. The importance of this is that if we can 

show that it IS moving this would automatically render any future applications for it 

to go abroad. […] And as the curator of the piece, I would not be that distressed if 

that [movement] was the case, providing it was minimal. Because maybe one of the 

reasons because the crack may be changing is because of changes in temperature, 
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humidity, it is going from one environment to the other. This is always the risk with 

objects of this nature (8462). 

For the usual documentation of an object going on loan the curator usually does: a condition 

report, detailed visual inspection and photography before the object is going on loan. The 

curator might travel with the object to the exhibition destination, and comparisons from high 

quality photographs are conducted at arrival and after the object returns. No metric 

measurement is applied at any point of the process. The curator was therefore keen to obtain an 

objective record of the geometry of the ivory with the opportunity to quantify changes between 

travels for loan and return of the object. A detailed ‘in the round’ metric documentation of the 

object, with the option to appreciate and explore the craftsmanship of the artefact on screen, 

was a very positive side effect of the first complete 3D scan. The curator was fascinated by the 

possibility to use the 3D model to share it with colleagues and use it for discussions, and use in 

the gallery and even the website. The curator stated that, if the analysis from the monitoring of 

the object would show that movements occur, consequently it will rule out any further loan 

outside the British Museum. 

Conservators and museums scientist requirements   

The project was initiated by the museum scientist Capucine Korenberg and conservator Clare 

Ward. To document damage and dimensional changes usually high-resolution digital 

photography and measurements from the front and the back are taken, in this case no 

photography of the sides and edges were taken, Additional scientific analysis are applied when 

needed, typically adding microscopically visual inspection. In this case an X-ray was done to 

locate the pins. In summary: despite the good quality of these records, they were not conveying 

a complete picture of the whole object, and the information was lacking the option to quantify 

any movement.  

The curator and museum scientist specified the task before the project started. It was agreed 

that the task was a dimensionally correct 3D image of the join from the front and back, with 

one scan of the complete surface, and secondly the production of a not complete surface 3D 

image around the crack, against which the subsequent sessions of 3D measurement would be 

compared. Limitations and accuracy of the technology should be clearly expressed in the 

analysis, i.e. to which degree the movement of the ivory could be evidenced, and what is falling 

below the recordable limit.  

Graphical summary of user requirements  

Figure 5.17 illustrates the user requirements. All interviewees are expecting a full geometric 

record in the round, a highly resolving detail for inspection and measurement and a degree of 

interaction in the 3D viewer. According to the specifications for this project, the conservator 

and curator are happy to not have any colour, gloss or material recording in favour of 

geometrically accurate recording. When demonstrating the 3D model to the curator, he was 
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very much in favour of additional features, such as colour and material display and the reflection 

of material properties and manufacture in the 3D model. 

 

 

Figure 5.17 User requirements for the 3D imaging of the Ivory from the British Museum 

3D imaging capabilities or limitations versus user requirements 

3D colour laser scanning (Section 2.3.3) offers a non-contact observation prior to the possible 

invasive treatment, such as removing the pins and the glue and filling the break area.  

The 3D imaging specifications by the stakeholders were: concentrate on geometry recording of 

the join was paramount, and colour and texture recording or a complete digitisation were not 

part of the digitisation aims. The intricate carving at the top poses difficulties for triangulation 

3D imaging. The geometry is complex on the upper part on the front, i.e. undercuts and 

occlusion by the leaves of the decorative flowers in the corners. The inside of the join could 

only be partly be digitized with methods of optical 3D colour laser scanning. The faded Greek 

inscription could be digitized better with high-resolution or multispectral photography. 3D 

colour laser scanning is not usually yielding more results than the naked eye. While the 

requirements by the users for geometric recording could be mostly satisfied, the 3D colour laser 

scanner provided good data for a digital representation that could potentially also be repurposed 

for other uses, such as gallery display. A major limitation was unfortunately the unreliable 3D 

scanning performance by SUT1. 
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Analysis in 2D 

 

Figure 5.18  2D analysis of the veins of the ivory 

For a visual and qualitative understanding of the object, existing orthographic documentation 

photographs of back and front and X-radiographs (showing pins and crack) were superimposed. 

This allowed tracing lines of the ivory laminae for both sides to correlate the position of laminae 

and the join from back and front to be correlated in image processing software, Figure 5.18. At 

the time of manufacture the overall shape of the ivory would have been flat or with only a slight 

natural curvature. It is assumed to have changed over time and warped, both in longitudinal and 

in transverse direction with the edges on each side deflecting towards the back.  

The 2D images allow reflecting on the manufacture of the ivory plaque. The ivory 2D analysis 

shows that the rings and laminae of the ivory are more frequent and dense in the back of the 

object and down its middle. The front of the ivory was used for the intricate carving, and the 

laminae and the structures are more regular than the back. We can therefore assume the 

approximate placement of the plaque when cut from the tusk, and that the carving was on the 

side facing outwards (Figure 5.18). Ivory is shrinking and swelling around its tightest rings 

(Figure 5.20). The crack coincides mostly with the laminae of the object, a natural break must 

have occurred.  
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Figure 5.19 Sketches to illustrate possible manufacture 

of British Museum Ivory 

 

Figure 5.20 Tusk fragment, typical cracking 

pattern.  UC9153 Petrie Museum of Egyptian 

Archaeology Badarian Period 

3D analysis  

The panel was kept at 45–55% RH during transport and in the 3D scanning lab at UCL. The 

laboratory maintained at 50% RH (±3%) and 20°C (maintaining a stable RH is essential as 

ivory is hygroscopic). A custom made mount was provided for the ivory panel and mounted 

onto a goniometric stage The monitoring of this ivory object used 3D colour laser scanning to 

collect datasets for dimensional comparison. First a baseline image (or ‘reference dataset’) was 

recorded and multiple datasets taken after the baseline image. Measurement uncertainty of the 

sensor is +/-0.035mm in depth (z-axis) and of the order of +/-0.1mm in x- and y-axes due to 

planimetric point spacing and laser spot size. The planimetric uncertainty dominates the 

geometric alignment necessary to compare different scans with the result that the accumulated 

error is of the order of ±0.1 mm in all three axes. Surface detail can be recorded with 0.2 mm 

or larger, i.e. twice the sampling distance.  

For the reference dataset, the six faces of the panel were scanned. In subsequent scans, only the 

front and back of the panel were scanned.  

 

Figure 5.21 Left edge view of the ivory. 
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Figure 5.22 3D scan of the monitoring set around 

the crack 

Figure 5.23 3D scan of the monitoring set around 

the crack. Checking of the RH. 

  

Figure 5.24 Pointcloud of the ivory Arius 3D 

colour laser scan 

Figure 5.25 Pointcloud of the ivory Arius 3D 

colour laser scan,  point thickness small to enable 

the viewing of the single points.  

Preliminary tests: ivory surface scanning and deformation monitoring 

A further step was taken to ascertain the reliability and to establish the lowest significant 

measurement for dimensional monitoring with the help of a machined sample of modern 

elephant ivory, which was kindly made available by the British Museum for experimentation 

(Figure 5.26). It was confirmed that 3D colour laser recording of an ivory surface could be 

successfully conducted to meet the data quality requirements. The bottom of the ivory sample 

was manufactured flat and a parallel area on the top of the ivory sample was produced by CNC 

milling. The rest of the sample surface was left untouched, the saw teeth marks were deemed 

useful for registration purposes. A geometry comparison to a fitted plane (3 sigma Gaussian fit) 

shows that the sensor is performing to its specifications. A deviation of ±0.035mm from the 

machined plane can be measured, Figure 5.27a. Furthermore, the tooling marks of the CNC 

mill could be seen in the 3D scan, which are not immediately apparent to the naked eye, Figure 

5.27b. Minute details on the ivory can be successfully be recorded by 3D laser scanning.  

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Framework for 3D imaging projects 

Page 259 

 

Figure 5.26 Elephant ivory sample piece with milled 'flat'. 

  

Figure 5.27  a) Left: 3D image of ivory sample deviation of flat from plane.  a) left: The image shows the 

3D scan of the ivory flat (20°C at 50%RH); b) right: Detail of 3D scan of the milled surface showing 

manufacturing traces. 

3D scanning environment experiment (RH/T) 

The standard environmental condition in the lab is a stable at 50%RH and a temperature of 19-

20º Celsius (between phases 1-3). The 3D scanning lab was then conditioned to different 

relative humidity (RH), to evaluate any possible movement of the ivory during its stay in the 

lab, Figure 5.28. The maximum RH reached ca.75%RH (green trace between phase 3 and 4) 

with raised temperature (blue trace), the minimum RH reached was at 45%RH (phase between 

3 and 4). The ivory sample was kept in the scanner room and was measured periodically every 

hour for 36 hours. Geometrical comparisons were conducted of the beginning of phase 2 as 

reference dataset. Further comparisons of reference data to the beginning and end of phase 3 

(i.e. after 9 hours at 75% RH in the 3D scan lab) and end of phase 4 (i.e. after 9 hours of 45%RH 

in the scan lab), did not show significant deformations or cracks in the sample ivory. The 3D 

scan was not able to provoke any significant deformations in the geometry of the sample. 

Therefore, to establish a movement patter for ivory through dimensional monitoring would 

need a different set-up in a smaller contained volume with a lid causing minimum diffraction 

to the laser beam, and then conditioned by saturated salts.  
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Figure 5.28 The graph shows a series of RH/T changes applied to the ivory sample.  

Analysis in 3D 

The reference scan of the ivory panel was recorded over two days (11-12 January 2012). All 

scanning was executed at 100 micron grid resolution (i.e. 10 x 10 points per mm). A dense 3D 

metric coloured pointcloud was created which shows manufacturing details and material 

colours (Figure 5.16). A 3D digital image of the ivory plaque was successfully created with 

some minor areas missing due to occlusions caused by undercuts in the geometry of the surface. 

This high-resolution 3D model will be stored at the museum for long-term digital preservation 

and use in the museum’s collection database.  

The 3D model shows that the ivory panel is warping upwards, towards the carved front, with a 

maximum deflection of 8 mm in the centre of the long side, when measuring the distance 

between the edges and the centre (Figure 5.31b).  

 

The area around the join was scanned on each recording day. Movements can be visualised in 

a 3D viewer through a graphical false-colour deviation map overlaying the 3D image. As 

expected, the dimensional difference between the two scans was no more than 100 microns, 

which is due to the error of alignment between different passes (Figure 5.31c and d). However, 

this confirms that any movement in the join less than 100 microns cannot be detected using 3D 

scanning. To monitor the break area with higher accuracy, a different methodology specific for 

gap measurements would need to be employed, such as a slit laser beam profiler. Note that the 

measurement of the gap with tactile means, such as a gauge, is not recommended due to the 

delicacy of the material. 
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Figure 5.29 3D colour laser scan of the British Museum Byzantine Ivory  

(from left to right) a) front, b) view from the side, c) back 

 

Figure 5.30 Greyscale display of 3D laser scan of the British Museum Byzantine Ivory  
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 Figure 5.31 Dimensional analysis on the British Museum Ivory.  From left to right: a) 3D coloured 

pointcloud of the surface. b) Cross section through proper right side, showing warping of 8 mm. 

Comparison between 11 January 2012 and 12 January 2012 scans, c ) front and d) back. 

The 3D laser scanning experienced unexpected difficulties from Session 3 onwards, therefore 

the datasets appear ‘patchy’. Even though the data accuracy is not affected, the alignment of 

the datasets was difficult and is less reliable. Still, an evaluation of the probable movement can 

be made to the order of 0.1mm movement directions. 

Subsequent scans (autumn 2012)  

In November 2012, parts of the surface were recorded at 300 microns. The intended comparison 

at full resolution and of overall geometry could not be realised due to technical problems. This 

dataset is incomplete at the back, but capture of the proper right side of the front and all corners 

was achieved as well as the proper right side of the back. Comparing this dataset with the 

reference scan shows a deviation of up to -400 microns on the front bottom left edge and all 

along the front proper right edge (dark blue colour in Figure 5.32), which indicates a negative 

or downward movement of the front edges in relation to the middle of the panel. The back 

shows an asymmetrical deformation around the bottom proper right edge (indicated in yellow 

and orange in Figure 5.33). However, because of the large sampling interval, this scan does not 

capture small details around the break area. 

Epoch 2: Comparison 22. September 2012 to 11.January 2012 

All four edges on the back were recorded for comparison of overall geometry, again with 

technical problems, at 200 and 300 microns sampling pitch. Clear deformations are visible: A 

clear movement of the right bottom and top right edges downwards, front and back, curling 
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around the outside. The back bottom left edge and particularly the top left edge on the back 

move downwards.  

 

Figure 5.32 Comparison 11.January 2012 to 

19.November 2012, Front. 

 

Figure 5.33 Comparison 11.January 2012 to 

19.November 2012, Back.  The indicated grid is 

5cm. 

Epoch 3: Comparison 19.December 2012 to 11.January 2012 

The dataset from December 2012 only recorded the area around the break on the front and 

technical difficulties caused data drop outs when recording the back of the panel. Patchy data 

caused difficulties of correct alignment of data on the back (Figure 5.35). However, no 

significant movement in the panel was detected when comparing the front scan to the reference 

scan (Figure 5.34): in fact, this scan is similar to the reference scan within the planimetric scan 

point spacing of 100 microns. The agreement between these two data sets indicates that the 

backwards deformation along the edges measured in November is not a permanent deformation. 

This movement could have been caused by small variations in RH as ivory is hygroscopic.  

The degree of movement that has occurred between January 2012 and November-December 

2012 is accepted by the curator and conservator and is not suggesting ongoing damage to the 

object. A reversible movement on the edges of the front of the panel was observed, possibly 

due to the response of the ivory to small changes in RH. This observation led to the decision to 

change the way the object would be displayed in its new showcase. Originally mounted 

vertically, it was decided to display the ivory plaque in the Sutton Hoo and Europe Gallery at 

an angle to minimise internal stress (Figure 5.38). This gallery was reopened in March 2014 

after complete refurbishment.  
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Figure 5.34 Comparison of 11 November 2012 to 

19 December 2012. Front.   

 

Figure 5.35 Comparison or 11 January 2012 to 19 

December 2012.  The indicated grid is 5cm. 3D 

scan was patchy, so colours might come from 

alignment errors. 

Findings, observed 3D movement, conclusions 

a) 11.January 2012 

b) 11.November  2012

c) 19.December 2012 

Figure 5.36 Overview of all three diagrams of movements of the British Museum Ivory 

 between January and December 2012. Arrows are indicating the movement direction. 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Framework for 3D imaging projects 

Page 265 

Outcomes and future work 

3D colour laser scanning was successfully used to create a 3D digital image of the ivory plaque 

with some minor areas missing due to occlusions caused by the geometry of the surface. This 

case study demonstrates the potential of 3D laser scanning to monitor the dimensional stability 

of complex artefacts. This engineering metrology technique is increasingly used in cultural 

heritage and conservation to record minute three-dimensional changes with high spatial 

accuracy. The resulting dataset is a detailed metric 3D record of the object surface in-the-round 

and comparison of subsequent scans with a reference scan can indicate dimensional changes.  

With the help of a sample ivory piece, it was shown that 3D colour laser recording of an ivory 

surface can be successfully conducted to meet the requirements and at high data-quality. 

Relative humidity and temperature (RH/T) change of the room environment in the active 

monitoring measurement time of 4 hours seems to have affected the movement of the ivory 

plaque. Even if the sample ivory did not show any considerable movement while being exposed 

to RH/T changes, we can assume that the (most probably much older) Byzantine ivory plaque 

reacts subtly to minor changes, and might also react to how it is positioned during transport and 

in the case, where a subtle change of +/- 5%RH is present.  

The 3D imaging technology used has met the user requirements given by the British Museum 

team: accurate, repeatable geometry recording with a focus on a metric comparison in the 

round, given by the museum conservator and scientist. The additional creation of a high-

resolution digital surrogate 3D model showing the intricate manufacturing details can be 

regarded as very positive additional outcome. The copyright on the datasets and the data itself 

will be handed over to the British Museum with non-commercial use for UCL CEGE. A transfer 

of the artefact into a new exhibition space has since occurred and the ivory is now exhibited in 

a new display, Figure 5.38.  

In summary, this is the first report of the application of dimensional monitoring technique to an 

object made of this material. The measurement methodology is another important contribution 

that can be transferred to other similar studies. A reviewed journal paper about this project is 

currently in preparation. Future work will target longer term exposure to larger RH/T will 

change the ivory through radial shrinking and swelling, and result in cracks and movements. 

Further research around the monitoring of organic material is planned in future, in particular to 

test the dimensional changes of objects when exposed to humidity and temperature changes.  
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Figure 5.37 Ivory in March 

2014. Location is Room 2, 

case 62, Ground floor 

 
 

Figure 5.38 New display of the Byzantine ivory panel with angled mount  

responding to results from dimensional monitoring. Photograph: 

courtesy of Capucine Korenberg.  
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5.3 Conclusion for the applied use of the framework on the example 

of three case studies  

The case study chapter has demonstrated a selection of three different projects in collaboration 

with heritage professionals, which just shows a small choice of possible 3D imaging project 

aims. 

The first case study details the use of different 3D imaging technologies made of an object of 

the UCL Ethnographic Collection. Reaction of the curator, who is an anthropologist, and his 

collection assistant, who is a conservator were gauged. Results showed that high-resolution 3D 

scanning might not be necessary when conducting formal analysis of similar types of objects. 

In fact, consumer grade 3D can be used to create a fast record image with colour information 

as well as Structure from Motion. The advantages of these two technologies for work in the 

field are discussed.  

The second case study is the 3D digital documentation and reconstruction of a rather large 

object, a 12m canoe, in the storage of the British Museum. The team were mainly 

anthropologists, but also curators, who wanted to achieve a digital repatriation of the Niabara 
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canoe. The digital 3D model was positively received in the Solomon Islands and showed the 

collaboration with source communities, but also raised aspects of authenticity of a 3D image. 

The last case study has described a project with the aim of dimensional monitoring of an ivory 

plaque from the British Museum requested by a team of a curator, museum scientist and curator 

of the object. It has been proven that the method of monitoring in the round can be conducted 

with a 3D colour laser scan, maintaining a consistent recording environment and 3D scanning 

system, and the object returning to the lab after different periods of time. Movement could be 

detected to the order of 0.2mm. 

5.4 Summary: framework for 3D projects and 3D recording of 

artefacts  

This chapter has presented a new framework for better 3D recording of artefacts. The chapter 

includes an outline for managing and planning 3D imaging programmes. A guideline is given 

for writing a 3D project brief and to draft 3D sensor specifications for tendering with the 

appropriate technical and informative components. The framework also describes a metadata 

structure to be followed for annotating the process with the suitable metadata in dialogue with 

the 3D imaging technician in order to provide sustainable data management. 

The workflow for independent verification of sensor capabilities through tests using the Metric 

Heritage Test Object has been outlined. Non-engineers are encouraged to follow and reproduce 

the tests, in particular the stakeholders of this research, heritage professionals. The use of the 

Metric Heritage Test Object will enable heritage professionals to conduct their own sensor 

quality control in order to provide and exchange precise specifications of the digitizing process 

for the creation of 3D ‘digital surrogates’ which are fit-for-purpose and future scientific use. 

Furthermore, it is hoped that the framework for 3D recording will enable heritage professionals 

to take an informed decision about tendering, investment in equipment, conduct 3D imaging 

projects and at the same time lower the barriers of acceptance and adoption in heritage 

institutions. 

The presentation of three selected case studies has applied the method for 3D evaluation in 

practice and appraises if heritage professionals requirements for 3D image quality can be met.  
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6 Conclusions and further work 

This final chapter presents the thesis review with main research findings and outcomes, 

contributions and impact of work. It concludes with opportunities for further work and 

conclusions.   

6.1 Thesis review  

 

Figure 6.1 Research structure summary. Venn diagram relating to chapters. 

This research was motivated by the potential shown by digital technologies for 3D optical 

surface recording of museum artefacts and cultural heritage. The work aims to enable heritage 

professionals to produce fit-for-purpose 3D digital records for research. The thesis  considers 

the idea of whether a digital surrogate object can be indistinguishable from the original against 

both qualitative and quantitative metric assessments. 

 

A critical review of current digital documentation and 3D heritage recording technologies in 

Chapter 2 examined three major aspects:  

 The development of digital heritage documentation,  

 Qualitative methods taking into account the human visual system and our subjective 

perception of image quality,  

 3D imaging sensors and the existing guidelines for their evaluation.  
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The research questions stated at the beginning of this work are addressed in the central chapters 

of this thesis (Chapter 3, 4, 5). 

Addressing research question 1, the qualitative study in Chapter 3 determined important user 

requirements and 3D image quality metrics that are used by heritage professionals for the tasks 

of condition assessment and visual inspection. The objective of this chapter was to establish 

quality indicators for the evaluation of digital surrogates. 

Implementation: Nine objects with different properties (size, colour, shape, Section 3.3.1) 

have been 3D recorded with eight different imaging technologies. Datasets were 3D modelled 

and processed for user testing. A primary qualitative research study was carried out and data 

produced using a mixed method approach. Requirements for 3D image quality were elicited by 

interviews with 22 heritage professionals. A mixed method approach used semi-structured 

interviews, think-aloud-protocols and rated questionnaires for comparative testing of real 

artefacts next to their digital representations (2D, 2.5D, 3D). Additionally an online e-

questionnaire was sent out to the international heritage professional community and a 

satisfactory response (45 complete responses) was received 

Outcomes: The e-questionnaire was able to gauge key information about current adoption and 

opinions regarding 3D imaging technologies in heritage institutions. Face-to-face interviews 

provided key information about user requirements, viewing habits and digital image criteria 

required for research, visual inspection and condition reporting. Outcomes suggest that all the 

digital surrogates from the different technologies are still distinguishable from the real object, 

but that digital surrogates can satisfy different aspects of user requirements, the degree of 

success depending on the underlying imaging question or the user’s specialism. ‘3D image 

quality indicators’ emerging from the interviews included not only metric qualities for 

geometry and colour, but yielded other quality indicators such as texture resolution and gloss, 

features relevant to conveying the material properties of a digital surrogate. A new set of 3D 

quality metrics and a graphical representation method were generated which can be used to 

match the fit-for-purpose sensor to user requirements and object properties. There is a clear 

movement towards the implementation of photographic technologies, especially 

photogrammetry, structure from motion and 2.5D (RTI / relighting) for use in digital 

documentation for cultural heritage. 

 

Chapter 4 addresses research question 2: Can the capability for form recording of close range 

3D imaging sensors be verified by a purpose-built Metric Test Object and independently 

assessed by non-engineer users? Metric tests validated capability for form recording of close-

range optical imaging sensors using a newly designed and purpose-built Metric Test Object for 

independent assessment. The objective of this chapter was the provision of a tool for the 

independent testing of 3D sensor capability with guidelines for evaluation aimed at repeatability 

by non-engineering users. 

Implementation: Chapter 4 describes the design, build and implementation of a new portable 

‘Metric Test Object’ for independent verification. The object is designed to enable a series of 
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numeric evaluation tests for geometry and form recording based on engineering metrology. The 

Metric Test Object can accommodate different close range 3D imaging systems and includes 

known geometric features and targets for photographic quality assessment on a common base 

plate. Data collection has been conducted for eight different Systems Under Test (SUT) and the 

complete evaluation workflow from 3D imaging to analysis of the results has been 

demonstrated on worked examples. 

Outcomes: Based on 3D imaging metrology tests, the capability of a Metric Test Object to 

provide verification of the quality of form recording of close range 3D imaging sensors has 

been confirmed. A rigorous, repeatable experimental procedure and workflow for metric 

evaluation of 3D form recording, contributing to the scientific understanding of 3D optical 

imaging data, has been developed and demonstrated. The workflow for the portable Metric Test 

Object has been demonstrated by evaluating both state-of-the-art and off-the-shelf equipment. 

 

Research question 3 was addressed in Section 3.7.1, on the qualitative side and in Section 4.11 

on the quantitative side. The objective was to establish a framework between qualitative data 

(visual display) and quantitative data (metric accuracy). 

Implementation: Six datasets of the same object, with varying resolutions from low to high, 

were prepared. For qualitative testing, psychometric methods from 2D image quality testing 

based on Just Noticeable Differences (JND) were adapted to 3D image assessment, and an 

experiment conducted using interviews with heritage professional users. On the metric side, a 

procedure for calculating spatial resolving power using the Spatial Frequency Response (SFR) 

on 3D colour data was established. Therefore, subjective user ratings of resolutions could be 

connected with metric sensor data. 

Outcome: 3D image quality in relation to spatial resolution and geometric capabilities of a 

sensor can be assessed and scientifically evidenced through quantitative metrics. However, the 

perceptions of image quality of digital ‘visual’ or ‘digital surrogates’ are influenced by other 

aspects. 

 

Chapter 5 answers the last of the stated research questions: Can specifications be developed 

based on heritage professionals’ requirements to guide better 3D imaging practice in cultural 

heritage institutions?  

The chapter presents a new framework for better 3D recording of artefacts. An important step 

towards museums and cultural heritage institutions adopting new technologies, is knowledge 

transfer - how to produce fit-for-purpose 3D images tailored to the subject specialist for high-

quality 3D documentation. Therefore, Chapter 5 outlines a framework for better 3D imaging of 

artefacts and the necessary steps for planning a 3D imaging programme. The chapter includes 

an outline for managing and planning 3D imaging programmes. The framework lies at the 

intersections of user requirements, object properties and 3D imaging metrology. 
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Implementation: Chapter 5 describes guidelines for writing a 3D project brief and 3D sensor 

specifications for tendering, and a metadata structure for sustainable data management. The 

workflow for independent verification of sensor capabilities through metrology tests using the 

new Metric Heritage Test Object has been outlined. The presentation of three selected case 

studies applied the framework for better 3D recording and 3D evaluation in practice. Specific 

heritage professionals’ requirements for 3D image quality of unique objects are tested against 

deliverables of the framework. Specifications were developed from heritage professional 

requirements to guide a better 3D imaging practice in cultural heritage institutions. 

Outcome: The combinations of metrics from quantitative comparative sensor testing with 

findings from qualitative testing have led to a planning tool to conduct sensor quality control. 

This tool can be used to provide precise specifications of the digitizing process for the creation 

of 3D ‘digital surrogates’. The use of the Metric Heritage Test Object will enable heritage 

professionals to conduct their own sensor quality control in order to provide and exchange 

precise specifications of the digitizing process for the creation of 3D ‘digital surrogates’ which, 

again are both fit-for-purpose and for future scientific use. Furthermore, it is hoped that the 

framework for 3D recording will enable heritage professionals to make informed decisions 

regarding tendering, investment in equipment, and conducting 3D imaging projects 

6.2 Contributions and impact of work 

This thesis has made contributions to knowledge in three areas: 

Firstly, the qualitative research yielded a new set of 3D quality metrics and requirements, 

guided by heritage professionals and the science of visual perception, which allow for planning 

fit-for-purpose 3D imaging and the assessment of digital 3D surrogates of museum artefacts.  

 The numeric and verbatim evidence collected goes beyond previous reports in this area 

(review Section 2.2.1). 

 By adapting existing Visual Image Quality Metrics of Just Noticeable Difference in 2D 

image user quality testing, a new method for 3D image quality assessment has been 

presented. The systematic assessment of 3D images can now be transferred to other 

projects. 

 A new set of categories for 3D quality indicators have been developed which can be 

plotted in radar-charts. This method allows the mapping of object properties and user 

requirements based on performance measures to a fit-for-purpose sensor. The 

assessment methodology is transferable and will impact and benefit the project 

planning of 3D imaging programmes in cultural heritage institutions. 

Secondly, a quantitative, metric approach regarding the measurement of artefacts is taken, 

guided by engineering metrology, to ensure that a 3D measurement is fit-for-purpose and 

scientifically traceable.  
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 The design and manufacture of a new purpose-built Metric Test Object for independent 

assessment has confirmed the capability for verification of the quality of form recording 

of close range 3D imaging.  

  A new procedure for metric evaluation of 3D geometry and form recording has been 

developed and demonstrated alongside a rigorous, repeatable and transferable 

experimental procedure. The procedure includes automated data segmentation. The 

evaluation is applicable for emerging future sensors on the market (with the reference 

dataset present). While sensors have short development cycles, their physical properties 

(light, laser and sensors) remain similar. The methodology is therefore future-proof for 

the evaluation of emerging state-of-the-art sensors for close range imaging.  

 Workflow integration for verifying fit-for-purpose sensors independently of 3D scanner 

manufacture specifications can be extended to sectors beyond the metrology 

community. The Metric Test Object and its evaluation procedure can be used by both 

engineers and non-engineering users, and by the user target group of this work: heritage 

professionals. It is also useful in other sectors using close range imaging, including 

product design, the arts sector and the creative industries.  

Thirdly, a cohesive view of 3D museum object recording has been developed through 3D 

imaging case studies to demonstrate what can be achieved with state-of-the art 3D imaging 

technologies according to user requirements.   

Fourth and finally, a framework for better 3D recording of artefacts has been proposed, 

including specifications and metadata for imaging programmes. This is a step towards ensuring 

high-end 3D content generation in cultural heritage that ensures that data captured today is 

sustainable for a wide range of scientific uses in the future. The framework for 3D imaging, 

combined with the Metric Test Object, is designed to enable 3D image quality control through 

the creation of precise specifications for the digitizing process. The procedure is demonstrated 

in Chapter 5 where it is used in the creation of high-quality 3D digital surrogates which are fit-

for-purpose according to the user requirements. The framework and is striving towards best 

practice and aims to achieve fit-for-purpose 3D digital surrogates. This contribution has a 

significant impact for cultural heritage practices, and allows object reference metrics and 

scientific recording to be included in the data processing workflow with specific reference to 

conservation and heritage institutions. 

6.3 Further work 

The qualitative study, including 20 interviews with their transcripts, has yielded a large amount 

of data, which could be researched in more detail, for example through content analysis of 

transcript text. Further analysis of the verbatim transcripts could aid the creation of more 

detailed user profiles for different heritage professional disciplines.  

The new web-based visualisation engine of 3D image quality indicators with interactively 

generated user profiles in spider diagrams would have great potential to be realised as an 
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application where heritage professional users would be able to input their requirements or their 

object properties in an interface, which would create a corresponding spider diagram of their 

requirements for 3D image quality. This could be graphically overlaid with one or a 

combination of available existing sensor profiles to ensure coverage of requirements on the 

website database from different technologies. The option for a combination of technologies 

would make use of the option for greatest coverage of quality indicators, for example calibrated 

colour from photography in conjunction with geometry from laser line scanning. The sensor 

profile database could be updated continuously with new emerging technologies, which have 

undergone the 3D sensor evaluation test. The app could be programmed to propose the three 

best recording technologies or combination of technologies that ensure the full coverage or 

better coverage of 3D image quality required. Further research should go into the optimisation 

of interrelating the four different categories and their diagrams. 

The qualitative research into the adoption of 3D imaging in heritage institutions can easily be 

extended to track new developments in the future. A repetition of the online survey after two 

or more years would provide an opportunity to observe the development of 3D imaging use in 

heritage institutions. 

In the metric quantitative research, the Metric Heritage Test Object was found to be compatible 

with close-range technologies. A further design iteration will take a step towards surfaces with 

increased local surface detail and texture for photogrammetric 3D imaging strategies. The 

integration of gloss and colour recording evaluation methodologies will enrich the dataset in 

future to complement the proposed framework. 

The framework for 3D imaging projects can be extended and the metadata scheme made 

compatible with existing systems (Dublin Core, CIDOC-CRM digital or SPECTRUM to name 

a few options), and further developments could aim at metadata that is interoperable with 

repositories and museum management databases. While this area was not a focus of this 

research, it is the topic of a recently published studentship to develop ‘Methods and tools for 

integrating and exploiting 3D and historic documentation in heterogeneous Digital Humanities 

repositories’ at the UCL SEAHA Doctoral Training Centre in collaboration with Brighton 

University Cultural Information research group, where future collaboration could be instigated.  

To ‘spread the word’ about better 3D recording for artefacts and cultural heritage objects, the 

practical application of the Metric Test Object and its framework of evaluation procedures 

could be tested ‘in the field’ by non-engineering users. A service for 3D sensor verification for 

European Museums could be offered. An aim of this study was to provide tools for capacity 

building of 3D imaging in museums. In recent conferences, there was great interest in providing 

training in 3D imaging, for example as Continued Professional Development, for heritage 

professionals and users of museum photography. Heritage professionals are becoming 

increasingly aware that, with some training, they will be able to execute 3D imaging in their 

own institutions. Courses in 3D imaging could be offered to heritage professionals in order to 

achieve knowledge transfer including the verification procedure from this research. 
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6.4 Conclusion 

 New roles in heritage institutions  

While some years ago documentation, heritage recording and scientific imaging and 

measurement in 3D were still quite separate topics, the emerging discipline of 3D digital 

imaging for cultural heritage is becoming increasingly adopted by the heritage community. 

Digital heritage is now facing challenges, and experiencing support, from both sides – heritage 

studies and 3D metrology.  

New roles, such as ‘digital curator’ are emerging, and will complement existing roles at heritage 

institutions. A digital curator role, with the task to foster, facilitate and integrate digital 

scholarship, is already in place at the British Library (British Library, 2012). Soon, a digital 

curator role will include the creation of specifications and project management for 3D digital 

imaging projects.  

New research aims for digital documentation in cultural heritage are a symbiotic relationship 

between diverse disciplines, but at the same time stand within a tradition of heritage 

documentation. The development and valorisation, i.e. the creation of valuable assets, of digital 

heritage documentation is a collaboration of many: conservators, curators, exhibition designers, 

physicists, surveyors, engineers, architects, archivists, software developers and computer 

scientists. They all have their role in creating a usable, detailed digital surrogate of a heritage 

object or building. ICT (information communication technologies) and e-science in Arts and 

Humanities research work in the pursuit of a common infrastructure. The Digital Humanities 

discipline addresses relevant questions in digital heritage and mediates the outcome to 

researchers and the interested public.  

Therefore, new cross-disciplinary roles will be necessary in museums and heritage institutions 

in order to meet the new demands for 3D image production. The integration of expertise of 

heritage professionals in the 3D imaging programmes in cultural heritage institutions is 

paramount. 

 3D in the service of heritage institutions 

The context of heritage institutions and their code of ethics, as well as the workflow around 

artefacts has been shown, stressing the particular importance for high-quality 3D 

documentation to the level of a digital surrogate. Generally, it is difficult to name a consistent 

standard method or pipeline for a diverse range of museum artefacts, sensors and software, as 

the procedure needs to be flexible. The steps towards the final 3D image can be driven by artistic 

decisions, for example by ‘processing for best visual effect’ while editing colour or surface and 

are highly dependent on the various software packages used and ultimately on the experience 

of the operator.  
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While there might be organisational barriers to overcome to enable the acceptance and adoption 

of 3D imaging in heritage institutions, the technology of non-contact optical surface recording 

is well suited to the 3D imaging and production of scientific archival records for the significant 

percentage (50%) of 3D objects held by European Museums. As it stands currently, only about 

0.1% of these museum artefacts are digitized in 3D. Short-term investment of time, cost and 

training might seem daunting to heritage institutions. However, ongoing efforts to develop mass 

digitisation will enable long-term benefits and provide opportunities to use 3D image databases 

not only for scientific research but also to enable the ‘public to explore collections for 

inspiration, learning and enjoyment’ and ‘to research, share and interpret information related 

to collections, reflecting diverse views’ (UK Museums Association, 2008). Museums will be a 

contributor to the Digital Economy and Creative industries research and development still has 

to go into embedding 3D digitisation campaigns into the museum workflow. 

3D imaging complements visual inspection and conventional documentation techniques. It 

cannot replace the human visual system with its excellent qualitative perception, particularly 

when that perception is trained, as evidenced by the stakeholders in this study. Heritage 

professionals have excellent skills for visual inspection not only of real objects but also of their 

digital surrogates. Their skill set can be extended by learning how to view and interpret 3D 

digital surrogates and this will be crucial in integrating 3D metric imaging of artefacts into 

museum workflows. This will benefit digital documentation, scientific research and analysis. 

The use of 3D digital surrogates can also improve visitor engagement in heritage institutions.  

Photographic experts in heritage institutions are already well equipped with high-resolution 

cameras and professional lighting for 2D photography. They are seen to readily adopt the new 

semi-automatic photogrammetric software tools for creating 3D digital models. These tools, 

photogrammetry and Structure from Motion, can produce digital surrogates with extremely 

highly resolved surface texture and very good surface resolution. These models can be the equal 

of, and sometimes outperform the real object when it comes to visual inspection. 3D imaging 

will certainly go in this direction. 

3D imaging might be regarded by some as a disruptive technology. It remains to be seen 

whether 3D imaging, especially with the advent of cheap consumer grade sensors, will in fact 

prove itself to be a disruptive innovation (McGovern, 2013). However, capacity building for 

better 3D recording of artefacts is a logical next step in cultural heritage institutions. 
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03/2009 Invited speaker at UKOLN (former centre of expertise which advises on 

digital infrastructure, information policy and data management), Bath 

University 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015

https://iris.ucl.ac.uk/iris/publication/992272/1


References and bibliography 

Page 281 

8 References and bibliography 

3D-Coform, 2012a. 3D Coform EU - 2014 Website [WWW Document]. URL http://www.3d-

coform.eu/ (accessed 11.5.14). 

3D-Coform, 2012b. 3D-COFORM demonstrator 3D viewer: x3dom for 3D-COFORM. 

Victoria and Albert Collection. [WWW Document]. URL http://www.3D-

coform.eu/x3Dom/index.html, (accessed 11.5.14). 

3D-Coform, 2012c. The Grand parade exhibition. 3D-COFORM, University of Brighton. 

September 2012. [WWW Document]. URL http://www.3D-

coform.eu/index.php/dissemination/exhibitions (accessed 11.5.14). 

3D-Coform, 2012d. Presenting the temples Abu Simbel reconstructed from photogrammetric 

images of the 1960ies| 3D-Coform Exhibition [WWW Document]. URL 

http://exhibition.3d-coform.eu/?q=node/71 (accessed 2.24.15). 

3D-Coform, 2010. 3D-COFORM. Tools and Expertise for 3D Collection formation. (Project 

website). 

3D-Coform, Arnold, D., 2011. D.2.2 – Revised version of “User Requirement analysis and 

Functional Specifications.” 

3D-Coform, Arnold, D., 2009. D.2.1 – Initial version of “User Requirement analysis and 

Functional Specifications” - Tools and Expertise for 3D Collection Formation (Public 

Deliverables). 

3D-ICONS, 2012. 3D-ICONS. 3D Digitization of Icons of European Architectural and 

Archaeological Heritage. 2012-2016. (Project website) [WWW Document]. URL 

http://www.3dicons-project.eu/ (accessed 10.29.14). 

3D Image Suite, Rastugori, A., Arnold, D., 2014. Pointstream Software. Poinstream/ Arius3D. 

3DPetrie, 2014a. 3DPetrie Museum: 3D image gallery of Artefacts from the Petrie Museum of 

Egyptian Archaeology (WebGL 3D image viewer and object information) [WWW 

Document]. URL http://www.ucl.ac.uk/3dpetriemuseum (accessed 5.20.14). 

3DPetrie, 2014b. 30 April 2014: Press Release of the new 3D website. UCL News. 

3DPetrie team, Hess, M., Serpico, M., Amati, G., Pridden, I., Nelson, T., Robson, S., 2014. 

3DPetrie: 3D imaging research, digital applications and use of new technologies in the 

museum [WWW Document]. URL 

http://www.ucl.ac.uk/museums/petrie/research/research-projects/3dpetrie (accessed 

10.24.14). 

4D Dynamics Bvba, 2014. 4D Dynamics Structured Light 3D Scanners [WWW Document]. 

URL http://www.4ddynamics.com/3D-scanners/ (accessed 10.14.14). 

Acko, B., McCarthy, M., Haertig, F., Buchmeister, B., 2012. Standards for testing freeform 

measurement capability of optical and tactile coordinate measuring machines. Meas. 

Sci. Technol. 23, 094013. doi:10.1088/0957-0233/23/9/094013 

Agisoft LLC, 2014. Agisoft PhotoScan is a stand-alone software product that performs 

photogrammetric processing of digital images and generates 3D spatial data. 

Aicon 3D Systems, 2014. AICON 3D Systems - Breuckmann Scanner - smartSCAN [WWW 

Document]. URL http://aicon3d.com/products/breuckmann-scanner/smartscan/at-a-

glance.html (accessed 10.14.14). 

Aittala, M., Weyrich, T., Lehtinen, J., 2013. Practical SVBRDF capture in the frequency 

domain. ACM Transactions on Graphics (Proc. SIGGRAPH) 32, 110:1–110:12. 

Allegretti, O., De Vincenzi, M., Uzielli, L., Dionisi-Vici, P., 2013. Long-term hygromechanical 

monitoring of Wooden Objects of Art (WOA): A tool for preventive conservation. 

Journal of Cultural Heritage 14, 161–164. doi:10.1016/j.culher.2012.10.022 

Allegretti, O., Fioravanti, M., Dionisi-Vici, P., Uzielli, L., 2014. The influence of dovetailed 

cross beams on the dimensional stability of a panel painting from the Middle Ages. 

Studies in Conservation 59, 233–240. doi:10.1179/2047058413Y.0000000095 

Allen, E., Triantaphillidou, S., Attridge, G., Bilissi, E., Jenkin, R., Ray, S., 2011. The manual 

of photography. Elsevier : Focal Press, Amsterdam [etc.]. 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



References and bibliography 

Page 282 

Ambers, J., Russell, J., 2013. Technical imaging of ivory plaque OA 9999. British Museum 

Internal Report 2013/10. British Museum, London. 

Arius Technology, 2014. Arius Technology Inc. (Canada). 3D colour laser scanners. [WWW 

Document]. URL http://www.ariustechnology.com/ (accessed 4.6.14). 

Arnold, D., 2014a. Computer Graphics and Cultural Heritage: From One-Way Inspiration to 

Symbiosis, Part 1. IEEE Computer Graphics and Applications 34, 76–86. 

doi:10.1109/MCG.2014.47 

Arnold, D., 2014b. Computer Graphics and Cultural Heritage, Part 2: Continuing Inspiration 

for Future Tools. IEEE Computer Graphics and Applications 34, 70–79. 

doi:10.1109/MCG.2014.65 

Arnold, D., 2013. 3D-COFORM. D.1.5 - Project Final Report. Tools and Expertise for 3D 

Collection Formation. EU FP7 funded project. University of Brighton. 

Arnold, D., Geser, G., 2008. EPOCH Research Agenda for the Application of ICT to Cultural 

Heritage (Full report - May 2008). Archaeoloingua/ Budapest, Budapest, Hungary. 

Ashby, J., 2013. The Great Darwin BUST UP. UCL Museums & Collections Blog. 

ASTM E57, 2013. ASTM E57 on 3D imaging systems - International Technical Committee 

[WWW Document]. URL http://www.astm.org/COMMIT/COMMITTEE/E57.htm 

(accessed 12.4.13). 

Asus, 2015. Asus Xtion motion sensor for PC. Whole-body action in apps and games. [WWW 

Document]. URL http://www.asus.com/Multimedia/Xtion/ (accessed 2.17.15). 

Autodesk, 2014. Autodesk 123D Catch | 3d model from photos. 

Bal-Tec, 2015. Bal-tec Probe Characterization Spheres with Associated Hardware - All Probe 

Characterization Spheres [WWW Document]. URL 

http://www.precisionballs.com/All_Characterization_Spheres.php (accessed 7.13.15). 

Barber, D., Mills, J., English Heritage, 2011. 3D Laser Scanning for Heritage. Advice and 

guidance to users on laser scanning in archaeology and architecture., 2nd ed. University 

of Newcastle upon Tyne, UK. 

Baribeau, R., Rioux, M., Godin, G., 1992. Color reflectance modeling using a polychromatic 

laser range sensor. IEEE Transactions on Pattern Analysis and Machine Intelligence 

14, 263–269. 

Bassil, Y., 2012. A Simulation Model for the Waterfall Software Development Life Cycle. 

arXiv:1205.6904 [cs]. 

Bathow, C., Breuckmann, B., 2011. High-definition 3D acquisition of archaeological objects. 

An overview of various challenging projects all over the world., in: 23rd CIPA 

Symposium. pp. 12–16. 

Bathow, C., Breuckmann, B., Corsini, M., Dellepiane, M., Dercks, U., Scopigno, R., 

Sigismondi, R., 2010a. Documenting and Monitoring Small Fractures  on 

Michelangelo’s David, in: Computer Applications and Quantitative Methods in 

Archeology - CAA’2010. 

Bathow, C., Breuckmann, B., Scopigno, R., 2010b. Verification and acceptance test for high 

definition 3D surface scanners, in: 11th VAST International Symposium on Virtual 

Reality, Archaeology and Cultural Heritage. Eurographics Association, Paris. 

Bathow, C., Wachowiak, M., 2008. 3D scanning in truly remote areas. The Journal of the 

CMSC 3, 4–9. 

Baudrillard, J., 1981. Simulacra and Simulations. 

BBC, 2014. Art school library destroyed in fire. BBC. 

BBC, Public Catalogue Foundation, 2012. BBC - Your Paintings. Unocvering the nation’s art 

collection. (project website) [WWW Document]. URL 

http://www.bbc.co.uk/arts/yourpaintings/ (accessed 11.5.14). 

Beacham, R., Dennard, H., Niccolucci, F., 2006. An Introduction to the London Charter, in: 

CIPA/VAST/EG/EuroMed,. Presented at the The e-volution of Information 

Communication Technology in Cultural Heritage, Budapest: Archaeolingua. 

Bellendorf, P., 2011. Hoch aufgelöste 3D—Dokumentation mittelalterlicher Oberflächen. 

Farbe im Mittelalter: Materialität–Medialität–Semantik 2, 95. 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



References and bibliography 

Page 283 

Beraldin, J.-A., 2009. Basic Theory on Surface Measurement. Uncertainty of 3D Imaging 

Systems., in: IS&T - Three-Dimensional Imaging Metrology Conference. Presented at 

the IS&T - Three-Dimensional Imaging Metrology Conference, San Jose, USA. 

Beraldin, J.-A., 2008. Digital 3D Imaging and Modeling: A Metrological Approach. Time 

Compression Technologies Magazine. 33–35. 

Beraldin, J.-A., Blais, F., Cournoyer, L., Godin, G., Rioux, M., 2000. Active 3D sensing. 

Modelli E Metodi per lo studio e la conservazione dell’architettura storica., Centro di 

Ricerche Informatiche per i Beni Culturali 10, 22–46. 

Beraldin, J.-A., Blais, F., El-Hakim, S.F., Cournoyer, L., Picard, M., 2007. Traceable 3D 

Imaging Metrology: Evaluation of 3D Digitizing Techniques in a Dedicated Metrology 

Laboratory, in: Proceedings of the 8th Conference on Optical 3-D Measurement 

Techniques. Zurich, Switzerland. 

Beraldin, J.-A., Blais, F., Lohr, U., 2010. Laser Scanning Technology, in: Vosselman, G., Maas, 

H.-G. (Eds.), Airborne and Terrestrial Laser Scanning. United Kingdom: Whittles 

Publishing. 

Beraldin, J.-A., Carrier, B., 2012. Characterization of Triangulation-Based 3D Imaging 

Systems Using Certified Artifacts. NCSL International Measure: The Journal of 

Measurement Science 7, 80. 

Beraldin, J.A., Cournoyer, L., 2012. Characterization of surface abrasion methods using 3D 

imaging. 3D acquisition and analysis of surface samples characteristics for the purpose 

of understanding abrasive methods applied to metallic artefacts. NRCC-CNRC 3D 

imaging metrology. 

Beraldin, J.-A., MacKinnon, D., Cournoyer, L., Blais, F., 2008. Evaluating laser spot range 

scanner lateral resolution in 3D metrology, in: 21st Annual IS&T/SPIE Symposium on 

Electronic Imaging. San Jose, USA. 

Besel, P.J., MCay, N.D., 1992. A method for registration of 3D-shapes, in: IEEE Transactions 

on Pattern Analysis and Machine Intelligence. pp. 239–256. 

Bevan, A., Li, X., Martinón-Torres, M., Green, S., Xia, Y., Zhao, K., Zhao, Z., Ma, S., Cao, 

W., Rehren, T., 2014. Computer vision, archaeological classification and China’s 

terracotta warriors. Journal of Archaeological Science 49, 249–254. 

doi:10.1016/j.jas.2014.05.014 

Bevilaqua, M., 2011. Madonna di Pietranico. Film about the 3DCoform project for 3D 

digitisation and 3D reconstruction of fragments. 

Blais, F., Cournoyer, L., Beraldin, J.-A., Picard, M., National Canadian Research Council, 

2008. 3D Imaging from Theory to Practice: The Mona Lisa Story, in: NRC 50400, 

National Canadian Research Council. Presented at the SPIE Symposium on Optical 

Engineering & Applications 2008, NRCC. 

Blandford, A., 2014. Semi-structured qualitative studies. The Encyclopedia of Human-

Computer Interaction, 2nd Ed. 

Blandford, A., Adams, A., Attfield, S., Buchanan, G., Gow, J., Makri, S., Rimmer, J., Warwick, 

C., 2008. The PRET A Rapporter framework: Evaluating digital libraries from the 

perspective of information work. Information Processing & Management 44, 4–21. 

doi:10.1016/j.ipm.2007.01.021 

Boehler, W., Marbs, A., 2005. Investigating Laser Scanner Accuracy. 

Boehm, J., 2012. Natural user interface sensors for human body measurement. ISPRS - 

International Archives of the Photogrammetry, Remote Sensing and Spatial 

Information Sciences XXXIX-B3, 531–536. doi:10.5194/isprsarchives-XXXIX-B3-

531-2012 

Bonacchi, C., Keinan-Schoonbaert, A., Bevan, A., Pett, D., 2014. MicroPasts - A community 

platform for conducting, designing and funding research into our human past. 

Boochs, F., Huxhagen, U., Kraus, K., 2008. Potential of high-precision measuring techniques 

for the monitoring of surfaces from heritage objects. Presented at the Int. Workshop In-

situ Monitoring of Monumental Surfaces, Florence. 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



References and bibliography 

Page 284 

British Library, 2015. Endangered Archives Programme: Guidelines for photographing and 

scanning archival material. 

British Library, 2012. Job description for a Digital Curator post at the British Library, London 

[WWW Document]. code4libs jobs. URL http://jobs.code4lib.org/job/4484/ (accessed 

6.5.15). 

British Museum, 2013a. Explore British Museum highlights online: Ivory panel showing an 

archangel, accession number M&ME OA 9999, [WWW Document]. URL 

http://www.britishmuseum.org/explore/highlights/highlight_objects/pe_mla/i/ivory_p

anel_with_archangel.aspx (accessed 10.18.13). 

British Museum, 2013b. Byzantine Ivory - Image gallery: religious/ritual equipment / diptych 

[WWW Document]. Research collection online. URL 

http://www.britishmuseum.org/research/collection_online/search.aspx (accessed 

5.6.14). 

British Museum Collection Database, 2014. Canoe of Vella Lavella - 1927.1022.1- Solomon 

Island War Canoe, Aquisition 1927. Canoe, plank-built, painted black and inlaid with 

pearlshell. 

British Museum Collection Online Database, 2014. Entry. Ivory panel showing an archangel, 

accession number M&ME OA 9999, [WWW Document]. URL http://bit.ly/1zxrArp 

(accessed 11.5.14). 

British Standard Institution, 1995. PD 6461-3:1995 – General metrology. Guide to the 

expression of uncertainty in measurement (GUM) [STANDARD WITHDRAWN], 

British Standards Online: Metrology and measurement in general,  Metrology. 

Brown, B.J., Toler-Franklin, C., Nehab, D., Burns, M., Dobkin, D., Vlachopoulos, A., Coumas, 

C., Rusinkiewicz, S., Weyrich, T., 2008. A System for High-Volume Acquisition and 

Matching of Fresco Fragments: Reassembling Theran Wall Paintings, in: ACM 

Transactions on Graphics (Proc. SIGGRAPH 2008). Los Angeles. 

Brownhill, A.D., 2012. Non contact surface metrology in a hazardous environment (Doctoral 

Thesis). UCL (University College London). 

Brownhill, A.D., Robson, S., Brade, B., 2007. Non-contact surface measurement in a hazardous 

environment., in: Proceedings of the 8th Conference on Optical 3-D Measurement 

Techniques Series. Swiss Federal Institute of Technology, Zurich, Zurich, Switzerland, 

pp. 64–71. 

Brown, I., Hess, M., MacDonald, S., Simon Millar, F., Ong, Y.-H., Robson, S., Were, G., 2008. 

e-Curator: A Web-based Curatorial Tool, in: UK E-Science All Hands 2008, "Crossing 

Boundaries. Presented at the UK e-Science All Hands 2008, "Crossing Boundaries, 

Edinburgh, UK. 

Bryan, P., Blake, B., Bedford, J., Mills, J., 2009. Metric Survey Specifications for Cultural 

Heritage (English Heritage), 2nd ed. English Heritage, Swindon, UK. 

Bryan, P., English Heritage, 2003. An Addendum to the Metric Survey Specifications for 

English Heritage. Addendum 1: Terrestrial Laser Scanning User’s Guide. [WWW 

Document]. URL (accessed 7.9.08). 

Buckton, D., 1994. Byzantium: Treasures of Byzantine Art and Culture from British 

Collections. Published for the Trustees of the British Museum by British Museum 

Press, London. 

Burns, P.D., 2014. Imcheck 3v9 Analysis Software. Burns Digital Imaging. 

Burns, P.D., 2010. SFRedge Analysis software for digital camera resolution evaluation ISO 

12233. Burns Digital Imaging. 

Burns, P.D., 2001. Slanted-Edge MTF for Digital Camera and Scanner Analysis. Portland, 

Oregon. 

Callieri, M., Cignoni, P., Ganovelli, F., Impoco, G., Montani, C., Pingi, P., Ponchio, F., 

Scopigno, R., 2004. Visualization and 3D data processing in the David restoration. 

IEEE Computer Graphics and Applications 24, 16–21. 

doi:10.1109/MCG.2004.1274056 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



References and bibliography 

Page 285 

CARARE, 2013. Europeana CARARE  project - bringing content for archaeology and historic 

buildings to Europana users (2010-2013) [WWW Document]. URL 

http://www.carare.eu/eng (accessed 10.25.14). 

Carrier, B., MacKinnon, D., Cournoyer, L., Beraldin, J.-A., 2011. Proposed NRC portable 

target case for short-range triangulation-based 3D imaging systems characterization. 

Presented at the Three-Dimensional Imaging, Interaction, and Measurement, San 

Francisco Airport, California, USA, p. 78640L–78640L–13. doi:10.1117/12.871942 

Cartwright, C.R., 2014. Personal Communication identification of Ivory of OA999, British 

Museum, as elephant Ivory. 

Chalchraft, E., 2013. London studio creates 3D scan of horse [WWW Document]. Dezeen. 

URL http://www.dezeen.com/2013/03/22/mark-wallinger-3d-scan-white-horse-

sculpture-london/ (accessed 10.22.14). 

Changchang, W., 2014. VisualSFM : A Visual Structure from Motion System. 

CHI, Earl, G., 2013. Introduction to the project - RTI AHRC Project (UK) - Cultural Heritage 

Imaging Forums [WWW Document]. URL 

http://forums.culturalheritageimaging.org/index.php?/topic/223-introduction-to-the-

project/ (accessed 12.12.13). 

CIE - Brand, 2015. Chromaticity Diagrams [WWW Document]. URL 

http://mark.space.4goo.net/brand/1001800 (accessed 2.26.15). 

Cobby, H.R., 2013. Reflections on “Plaster reproduction in the context of 3D printing” Pop-Up 

Display and Lecture. UCL Museums & Collections Blog. 

Collections Link, 2013. Cultural Heritage included in Horizon 2020! [WWW Document]. URL 

http://www.collectionslink.org.uk/programmes/european-projects/1568-cultural-

heritage-included-in-horizon-2020 (accessed 11.23.13). 

Conservation Online, Walter, H., 2014. Conservation DistList [WWW Document]. URL 

http://cool.conservation-us.org/byform/mailing-lists/cdl/aboutcdl.shtml (accessed 

4.5.14). 

Coupaye, L., 2009. Faire l’expérience de l’espace : la frise tëkët des Abelam. Barbier-Mueller 

Museum Arts & Cultures 2009 210–225. 

Coupaye, L., 2009. Ways of Enchanting: Chaines Operatoires and Yam Cultivation in 

Nyamikum Village, Maprik, Papua New Guinea. Journal of Material Culture 14, 433–

458. doi:10.1177/1359183509345945 

Coupaye, L., 2007. The Abelam, in: Peltier, P., Morin, F. (Eds.), Shadows of New Guinea: Art 

from the Great Island of Oceania in the Barbier-Mueller Collections. Somogy, pp. 72–

86. 

Cultural Heritage Imaging, 2013. RTIViewer Download. 

DanielGM, 2014. CloudCompare - Open Source point cloud (and mesh) editing software. 

v2.5.4.1. 

David 3D Solutions., 2014. DAVID 3D Scanner 3.10. Incredibly Low-Cost 3D Scanner for 

Everyone! [WWW Document]. URL http://www.david-3d.com/ (accessed 11.16.14). 

DCMI, 2014. DCMI Home: Dublin Core® Metadata Initiative (DCMI) [WWW Document]. 

URL http://dublincore.org/ (accessed 12.14.14). 

Deutsche Welle, 2007. Germany’s Historic Anna Amalia Library Reopens After Fire | Culture 

| DW.DE | 19.10.2007. DW.DE. 

Doerr, M., Theodoridou, M., 2011. CRMdig: A generic digital provenance model for scientific 

observation, in: TaPP. Presented at the 3rd USENIX workshop on the Theory and 

Practice of Provenance. (TaPP 2011), Heraklion, Greece. 

ECCO, 2004. Professional Guidelines: Code of Ethics, European Confederation of 

Conservator-Restorers’ Organizations. 

EOS GmbH, 2011. EOS laser sintering systems [WWW Document]. URL 

http://www.eos.info/en/products/systems-equipment/plastic-laser-sintering-

systems/formiga-p-100.html (accessed 2.2.15). 

EPOCH WebSiteTeam@VAST-LAB, 2008. EPOCH - Excellence in Processing Open Cultural 

Heritage (project 2004-2008) [WWW Document]. URL http://www.epoch-

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



References and bibliography 

Page 286 

net.org/index.php?option=com_content&task=view&id=212&Itemid=357 (accessed 

11.5.14). 

Evans, T., 2006. Research Policy and Directions, in: MacDonald, L. (Ed.), Digital Heritage: 

Applying Digital Imaging to Cultural Heritage. Butterworth-Heinemann, Oxford, pp. 

549–574. 

Factum Arte, Franqelo, M., 2015. Lucida laser line scanner [WWW Document]. URL 

http://www.factum-arte.com/pag/5/Laser-scanning (accessed 7.24.15). 

FADGI, 2010. Guidelines: Technical Guidelines for Digitizing Cultural Heritage Materials: 

Creation of Raster Image Master Files - Federal Agencies Digitization Guidelines 

Initiative. 

Flack, D.R., Hannaford, J., 2006. Fundamental good practice in dimensional metrology, 

Measurement Good Practice Guide. National Physical Laboratory, UK. 

Flinders Petrie, W.M., 1927. Objects of daily use : illustrated by the Egyptian collection in 

University College, London. 

Fraunhofer Institute for Computer Graphics Research IGD, 2014a. Cultlab3D -Wilkommen 

[WWW Document]. URL http://www.cultlab3d.de/ (accessed 11.23.13). 

Fraunhofer Institute for Computer Graphics Research IGD, 2014b. Cultlab3D Project. [WWW 

Document]. URL http://www.cultlab3d.de/ (accessed 11.23.13). 

Furukawa, Y., 2011. Clustering Views for Multi-view Stereo (CMVS). 

Furukawa, Y., Ponce, J., 2010. Patch-based Multi-view Stereo Software (PMVS - Version 2). 

Geomagic Inc., 2013. Geomagic Qualify. 

Getty Conservation Institute, 2013. Integrating Imaging and Analytical Technologies for 

Conservation Practice / Expert’s Meeting. 

Gillespie, D., La Pensée, A., Cooper, M., 2014. 3D Cultural Heritage Online; In Search of a 

User Friendly Interactive Viewer. International Journal of Heritage in the Digital Era 

3, 51–68. doi:10.1260/2047-4970.3.1.51 

Gillespie, D., La Pensée, A., Cooper, M., 2013. User appropriate viewer for high resolution 

interactive engagement with 3D digital cultural artefacts. ISPRS - International 

Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences 

XL-5/W2, 271–276. doi:10.5194/isprsarchives-XL-5-W2-271-2013 

Godin, G., Beraldin, J.-A., Rioux, M., Levoy, M., Cournoyer, L., 2001. An assessment of laser 

range measurement of marble surfaces. 

Goesele, M., Fuchs, C., Seidel, H.-P., 2003. Accuracy of 3D range scanners by measurement 

of the slanted edge modulation transfer function, in: 3-D Digital Imaging and Modeling, 

2003. 3DIM 2003. Proceedings. Fourth International Conference on. Presented at the 

3-D Digital Imaging and Modeling, 2003. 3DIM 2003. Proceedings. Fourth 

International Conference on, pp. 37–44. doi:10.1109/IM.2003.1240230 

GOM GmbH, 2014. PTB certified  GOM Inspect. 3D inspection tool for meshes, CAD, point 

clouds. 

Google, 2014. ATAP Project Tango [WWW Document]. Google. URL 

https://www.google.com/atap/projecttango/ (accessed 5.29.14). 

Google Cultural Institute, 2011. Google Art Project [WWW Document]. URL 

http://www.google.com/intl/en/culturalinstitute/about/ (accessed 11.5.14). 

Gorman, G.E., 2005. Qualitative Research for the Information Professional: A Practical 

Handbook, 2nd ed. ed. Facet Publishing, London. 

Graeme, E., Beale, G., Martinez, K., Pagi, H., 2010. Polynomial texture mapping and related 

imaging technologies for the recording, analysis and presentation of archaeological 

materials, in: International Archives of Photogrammetry, Remote Sensing and Spatial 

Information Sciences,. Presented at the Commission V Symposium, Newcastle upon 

Tyne, United Kingdom. 

Graham, R., 2003. Digital Imaging, illustrated edition edition. ed. Whittles Publishing, 

Latheronwheel. 

Green, S., 2013. Archaeology Structure from Motion - The Process [WWW Document]. URL 

https://sites.google.com/site/archaeologysfm/the-process (accessed 10.17.14). 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



References and bibliography 

Page 287 

Guidi, G., 2013. Metrological characterization of 3D imaging devices, in: SPIE Videometrics, 

Range Imaging, and Applications XII; and Automated Visual Inspection. p. 87910M–

87910M–10. doi:10.1117/12.2021037 

Guidi, G., Beraldin, J.-A., Atzeni, C., 2007. Wood artworks dimensional monitoring through 

high-resolution 3D cameras (SPIE), in: SPIE- Videometrics IX. p. 649110. 

Hallet, Z., Robert, Z., 2013. 3D laser digitization for the condition monitoring of the Da Maiano 

terracotta roundels - five years on, in: Saunders, D., Strlic, M., Kronenberg, C., 

Birholzer, K., Luxford, N. (Eds.), Lasers in the Conservation of Artworks IX. 

Archetype, British Museum, London, pp. 154–162. 

Hallet, Z., Robert, Z., Julien-Lee, S., 2008. High-resolution 3D laser digitisation of the Maiano 

terracotta roundels for documentation and condition monitoring., in: Castillejo, M., 

Moreno, P., Oujja, M., Radvan, R., Ruiz, J. (Eds.), Lasers in the Conservation of 

Artworks: Proceedings of the International Conference Lacona VII, Madrid, Spain, 17 

- 21 September 2007. CRC Press, pp. 413–418. 

Hannan, L., Chatterjee, H.J., Duhs, R., 2013. Object Based Learning: A Powerful Pedagogy for 

Higher Education, in: Boddington, A., Boys, J., Speight, C. (Eds.), Museums and 

Higher Education Working Together. Ashgate, Farnham, pp. 159–168. 

Hanson, A.R., NPL, 2006. Good practice guide for the measurement of gloss., Measurement 

Good Practice Guide. National Physical Laboratory , NPL. 

Heritage Lottery Fund, 2012. Using digital technology in heritage projects/ Good Practice 

[WWW Document]. URL 

http://www.hlf.org.uk/HowToApply/goodpractice/Pages/UsingDigitalTechnologyinH

eritageProjects.aspx#.Ue_vcW26-tM (accessed 7.24.13). 

Hess, M., 2015. Online survey about current use of 3D imaging and its user requirements in 

cultural heritage institutions. Presented at the Digital Heritage 2015, Granada, Spain. 

Hess, M., 2013a. Invitation to the Online Survey by M.Hess on 24 July 2013 via JISCMail - 

Museum Computer Group. [WWW Document]. Museum Computer Group. URL 

http://bit.ly/16aOLLO (accessed 4.5.14). 

Hess, M., 2013b. Current use of 3D imaging in museums and memory institutions. User 

requirements for 3D images for analysis and research use [WWW Document]. Mona 

Hess - UCL - PhD - online survey. URL https://opinio.ucl.ac.uk/s?s=23508 

Hess, M., 2013c. Practical Assessment of a new metric heritage test object. Short Term 

Scientific Mission at RBINS/Belgium. (COSCH Working group 2/ Cost-Action TD 

1201), Short Term Scientific Mission COST report. UCL CEGE. 

Hess, M., Hosseininaveh Ahmadabadian, A., Robson, S., 2014a. A contest of sensors in close 

range 3D imaging: performance evaluation with a new metric test object, in: ISPRS 

International Archives of the Photogrammetry, Remote Sensing and Spatial 

Information Sciences. Riva del Garda, Italy. 

Hess, M., Korenberg, C., Robson, S., Entwistle, C., Ward, C., 2015. Use of 3D laser scanning 

for monitoring of dimensional stability of a Byzantine ivory panel. Studies in 

Conservation Journal 60, 126–133. 

doi:http://dx.doi.org/10.1179/0039363015Z.000000000217 

Hess, M., Robson, S., 2013. Re-engineering Watt: A case study and best practice 

recommendations for 3D colour laser scans and 3D printing in museum artefact 

documentation, in: Saunders, D., Strlic, M., Kronenberg, C., Birholzer, K., Luxford, N. 

(Eds.), Lasers in the Conservation of Artworks IX. Archetype, British Museum, 

London, pp. 154–162. 

Hess, M., Robson, S., 2012. 3D imaging for museum artefacts: a portable test object for heritage 

and museum documentation of small objects, in: ISPRS - International Archives of the 

Photogrammetry, Remote Sensing and Spatial Information Sciences. ISPRS, 

Melbourne, Australia, pp. 103–108. doi:10.5194/isprsarchives-XXXIX-B5-103-2012 

Hess, M., Robson, S., Hosseininaveh Ahmadabadian, A., 2014b. A contest of sensors in close 

range 3D imaging: performance evaluation with a new metric test object. ISPRS - 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



References and bibliography 

Page 288 

International Archives of the Photogrammetry, Remote Sensing and Spatial 

Information Sciences XL-5, 277–284. doi:10.5194/isprsarchives-XL-5-277-2014 

Hess, M., Robson, S., Simon Millar, F., Were, G., Hviding, E., Berg, A.C., 2009. Niabara - The 

Western Solomon Islands War Canoe at the British Museum - 3D Documentation, 

Virtual Reconstruction and Digital Repatriation, in: IEEE Computer Society. Presented 

at the Virtual Systems and MultiMedia, International Conference, IEEE Computer 

Society, Vienna, Austria, pp. 41–46. doi:10.1109/VSMM.2009.12 

Hess, M., Serpico, M., Amati, G., Pridden, I., Nelson, T., Robson, S., 2015. Developing 3D 

imaging programmes – workflow and quality control. Journal on Computing and 

Cultural Heritage. doi:10.1145/2786760 

Hess, M., Simon Millar, F., Ong, Y.-H., 2008. Summary report of the one-to-one interface 

testing of the E-Curator prototype (unpublished). 

Hess., M., Simon Millar, F., Ong, Y.-H., Robson, S., Were, G., Brown, I., MacDonald, S., 2008. 

Final report: E-Curator: 3D colour scans for remote object identification and 

assessment. UCL Museums and Collections. 

Hess, M., Simon Millar, F., Robson, S., MacDonald, S., Were, G., Brown, I., 2011. Well 

Connected to Your Digital Object? E-Curator: A Web-based e-Science Platform for 

Museum Artefacts. Special Issue about cyberinfrastructure for the arts and humanities 

and the digital object. Literary and Linguistic Computing 26, 193 –215. 

doi:10.1093/llc/fqr006 

Hosseininaveh Ahmadabadian, A., Robson, S., Boehm, J., Shortis, M., 2013. Image selection 

in photogrammetric multi-view stereo methods for metric and complete 3D 

reconstruction. Proc. SPIE 8791, Videometrics, Range Imaging, and Applications XII; 

and Automated Visual Inspection 8791, 879107–879107–11. doi:10.1117/12.2020472 

Hosseininaveh Ahmadabadian, A., Robson, S., Boehm, J., Shortis, M., Wenzel, K., Fritsch, D., 

2013. A Comparison of Dense Matching Algorithms for Scaled Surface Reconstruction 

Using Stereo Camera Rigs. ISPRS Journal of Photogrammetry and Remote Sensing 78, 

157–167. doi:10.1016/j.isprsjprs.2013.01.015 

Hosseininaveh Ahmadabadian, A., Serpico, M., Robson, S., Hess, M., Boehm, J., Pridden, I., 

Amati, G., 2012. Automatic Image Selection in Photogrammetric Multi-view Stereo 

Methods, in: VAST12: The 13th International Symposium on Virtual Reality, 

Archaeology and Intelligent Cultural Heritage, Brighton, UK, 2012. Proceedings. 

Eurographics Association, pp. 9–16. doi:10.2312/VAST/VAST12/009-016 

Howard, H., Park, D., 2005. “The painted plaster”., in: Keen, L., Ellis, P. (Eds.), Sherborne 

Abbey and School Excavations 1972-76 and 1990. Dorset Natural History and 

Archaeological Society. 

Hughes, L.M., 2012. Evaluating and Measuring the Value, Use and Impact of Digital 

Collections. Facet Publishing, London. 

Hviding, E., 2013. War Canoes of the Western Solomons (Chapter 4), in: Burt, B., Bolton, L. 

(Eds.), The Things We Value: Culture and History in Solomon Islands. Sean Kingston 

Publishing, Oxford, UK. 

ICOM, 2006. Statues and Code of Professional Ethics International Council for Museums, first 

published 1996. 

ImageScienceAssociates, 2014. GoldenThread System, designed for Digital Archiving. Image 

Science Associates. 

ISO 3664, 2009. ISO 3664:2009. Graphic technology and photography -- Viewing conditions. 

ISO 12233, 2000. ISO 12233:2000 - Photography -- Electronic still-picture cameras -- 

Resolution measurements. 

ISO 16067-1, 2003. ISO 16067-1:2003 - Photography -- Spatial resolution measurements of 

electronic scanners for photographic images -- Part 1: Scanners for reflective media. 

ISO 20462, 2005a. ISO 20462:2005 - Photography -- Psychophysical experimental methods 

for estimating image quality. 

ISO 20462, 2005b. ISO 20462-2:2005 - Part2: Triplet Comparison Method. Photography-

Psychophysical experimental methods for estimating image quality. 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



References and bibliography 

Page 289 

ISO 20462-1, 2005. ISO 20462-1:2005 - Part1: Overview of psychophysical elements. 

Photography-Psychophysical experimental methods for estimating image quality. 

ISO 20462-3, 2005. ISO 20462-3:2005 - Part 3:  Quality ruler method. Photography-

Psychophysical experimental methods for estimating image quality. 

ISO 21127, 2006. ISO 21127:2006 - Information and documentation -- A reference ontology 

for the interchange of cultural heritage information. 

ISTI-CNR, 2014. MeshLab. 

Jackson, R., MacDonald, L., Freeman, K., 1994. Computer Generated Colour: A Practical 

Guide to Presentation and Display, Wiley professional computing. J. Wiley, Chichester. 

Jansen, M., Toubekis, G., Walther, A., Döring-Williams, M., Mayer, I., 2008. Laser scan 

measurement of the niche and virtual 3D representation of the small Buddha in 

Bamiyan, in: Layers of Perception. Proceedings of the 35th International Conference 

on Computer Applications and Quantitative Methods in Archaeology (CAA), Berlin, 

2.-6. April 2007. Koll. Vor- U. Frühgesch. 10. 

JCGM 100: 2008 WG 1, 2008. Evaluation of measurement data — Guide to the expression of 

uncertainty in measurement (GUM 1995 with minor corrections). 

JCGM 200-2012/WG 2, 2012. JCGM 200: 2012 -  International vocabulary of metrology — 

Basic and general concepts and associated terms (VIM). 

JISC, 2013. Sustaining Our Digital Future: Institutional Strategies for Digital Content: Report. 

Strategic Content Alliance Blog. 

JISC Digital Media, 2015. Toolkit: Equipment for Image Digitisation Projects. [WWW 

Document]. JISC Digital Media. URL 

http://www.jiscdigitalmedia.ac.uk/toolkit/digitisation-equipment/digitisation-

equipment-home (accessed 7.24.15). 

JISC Digital Media, 2014. Digital 3D content Infokit [WWW Document]. JISC Digital Media. 

URL http://www.jiscdigitalmedia.ac.uk/infokit/3d/3d-home (accessed 4.6.14). 

JISC Legal Information, 2013. 3D Digitisation and Intellectual Property Rights (17 January 

2013) [WWW Document]. URL http://jiscleg.al/3DDigitisationandIPR (accessed 

7.27.13). 

Jones, L., 2012. Jeremy Bentham in 2 x 3D! Low cost scanning of the Auto-Icon. Geomatics 

@ UCL. 

Kaberry, P.M., 1941. The Abelam Tribe, Sepik District, New Guinea: A Preliminary Report. 

Oceania 11, 233–258. doi:10.2307/40327902 

Kaminski, J., Echavarria, K.R., Arnold, D., Palma, G., Scopigno, R., Proesmans, M., 

Stevenson, J., 2012. Insourcing, outsourcing and crowdsourcing 3d collection 

formation: perspectives for cultural heritage sites, in: VAST: International Symposium 

on Virtual Reality, Archaeology and Intelligent Cultural Heritage. The Eurographics 

Association, pp. 81–88. 

Knopp, J., Prasad, M., Van Gool, L., 2010. Orientation invariant 3D object classification using 

hough transform based methods. ACM Press, p. 15. doi:10.1145/1877808.1877813 

Korenberg, C., Entwistle, C., Ward, C., 2012. Captured in 3D. Report on the difficulties posed 

by the fragile statue of a 6th-century Byzantine Ivory. British Museum Magazine. 39. 

Kuo, P.-J., Lein, Y.-N., Su, W.-H., Wang, Y.-T., Huang, Y.-N., Chu, W.-C., 2013. Mobilizing 

3D Virtual Artifacts Exhibition System of National Palace Museum, in: Archiving 

Conference. Society for Imaging Science and Technology, pp. 66–69. 

Lafontaine, R.H., Wood, P.A., 1982. The Stabilization of Ivory against Relative Humidity 

Fluctuations. Studies in Conservation 27, 109–117. doi:10.2307/1506146 

LaPensée, A.A., Cooper, M.J., Parsons, J.B., 2006. Applications in the field of cultural heritage 

using “off-the-shelf” 3D laser scanning technology in novel ways, in: Ioannides, M. 

(Ed.), The E-Volution of Information Communication Technology in Cultural 

Heritage. Presented at the Joint event CIPA / VAST / EG / EuroMed 2006, EPOCH, 

Nicosia, Cyprus. 

Levoy, M., 1992. The Digital Michelangelo Project - Stanford University [WWW Document]. 

URL http://graphics.stanford.edu/projects/mich/ (accessed 6.19.15). 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



References and bibliography 

Page 290 

Levoy, M., Pulli, K., Curless, B., Rusinkiewicz, S., Koller, D., Pereira, L., Ginzton, M., 

Anderson, S., Davis, J., Ginsberg, J., Shade, J., Fulk, D., 2000. The Digital 

Michelangelo Project: 3D Scanning of Large Statues, in: Proceedings of the 27th 

Annual Conference on Computer Graphics and Interactive Techniques, SIGGRAPH 

’00. ACM Press/Addison-Wesley Publishing Co., New York, NY, USA, pp. 131–144. 

doi:10.1145/344779.344849 

Levoy, M., Rusinkiewicz, 2001. Efficient Variants of the ICP Algorithm. Presented at the Third 

International Conference on 3D Digital Imaging and Modeling (3DIM 2001). 

Lin, C.-Y., 2009. Doctoral Thesis: Investigating the potential of on-line 3D virtual 

environments to improve access to museums as both an informational and educational 

resource. De Montfort University, Leicester, UK. 

Luhmann, T., 2000. Recommendations for an acceptance and verification test of optical 3-D 

measurement systems. International archives of photogrammetry and remote sensing 

33, 493. 

Luhmann, T., Bethmann, V., Herd, B., Ohm, J., 2008. Comparison and verification of optical 

3-D surface measurement systems, in: International Archives of the Photogrammetry, 

Remote Sensing and Spatial Information Sciences. Presented at the ISPRS, Beijing, 

China, pp. 51 – 56. 

Luhmann, T., Robson, S., Kyle, S., Boehm, J., 2013. Close Range Photogrammetry and 3D 

imaging, 2nd ed. De Gruyter, Berlin/ Boston. 

Lumiere Technology, 2014. Lumiere-Technology - RGB - GIS - Multispectral Digitization 

[WWW Document]. URL http://www.lumiere-technology.com/ (accessed 10.11.14). 

MacDonald, L., 2010. 3D Imaging of Cultural Objects. MPhil/PhD Transfer report.UCL 

CEGE. 

MacDonald, L., Giacometti, A., Campagnolo, A., Robson, S., Weyrich, T., Terras, M., Gibson, 

A., 2013. Multispectral Imaging of Degraded Parchment, in: Tominaga, S., Schettini, 

R., Trémeau, A. (Eds.), Computational Color Imaging, Lecture Notes in Computer 

Science (LNCS). Springer Verlag, Berlin, Heidelberg, pp. 143–157. 

MacDonald, L., Guerra, M.F., Pillay, R., Hess, M., Quirke, S., Robson, S., Hosseininaveh 

Ahmadabadian, A., 2014. Practice-based comparison of imaging methods for 

visualization of toolmarks on an Egyptian Scarab, in: Image and Signal Processing - 

6th International Conference, ICISP 2014. Springer, Cherbourg, France. 

MacDonald, L., Hindmarch, J., Robson, S., Terras, M., 2014. Modelling the appearance of 

heritage metallic surfaces. ISPRS - International Archives of the Photogrammetry, 

Remote Sensing and Spatial Information Sciences XL-5, 371–377. 

doi:10.5194/isprsarchives-XL-5-371-2014 

MacDonald, L., Robson, S., 2010. Polynomial texture mapping and 3D representation, in: 

International Archives of Photogrammetry, Remote Sensing and Spatial Information 

Sciences,. Presented at the ISPRS Commission V Symposium, Newcastle upon Tyne, 

United Kingdom. 

MacDonald, L.W., Jacobson, R., 2006. Assessing Image Quality, in: Digital Heritage: Applying 

Digital Imaging to Cultural Heritage. Butterworth-Heinemann, Oxford, pp. 351 – 373. 

MacKinnon, D., Beraldin, J.-A., Cournoyer, L., Carrier, B., 2011. Hierarchical characterization 

procedures for dimensional metrology, in: Three-Dimensional Imaging, Interaction, 

and Measurement. San Francisco Airport, California, USA, pp. 786402–786402–15. 

doi:10.1117/12.872124 

MacKinnon, D., Beraldin, J.A., Hong, T., Marvel, J., 2013. Coordinate Metrology and the 

Proposed E57.2 Static Pose Determination Standard. Journal of CMSC 8. 

MacKinnon, D., Carrier, B., Beraldin, J.-A., Cournoyer, L., 2012. GD&T-Based 

Characterization of Short-Range Non-contact 3D Imaging Systems. Int J Comput Vis 

1–17. doi:10.1007/s11263-012-0570-3 

Mack, R., Nielsen, J., 1993. Usability inspection methods: report on a workshop held at CHI’92, 

Monterey, CA, May 3–4, 1992. ACM SIGCHI Bulletin 25, 28–33. 

doi:10.1145/157203.157207 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



References and bibliography 

Page 291 

Makri, S., Blandford, A., Cox, A.L., 2010. This is what i’m doing and why: reflections on a 

think-aloud study of dl users’ information behaviour, in: Proceedings of the 10th 

Annual Joint Conference on Digital Libraries, JCDL ’10. ACM, New York, NY, USA, 

pp. 349–352. doi:10.1145/1816123.1816177 

Mallison, H., Wings, O., 2014. Photogrammetry in Paleontology - a practical guide. Journal of 

Palenontological Techniques 12. 

Malzbender, T., 2001. Polynomial Texture Map Fitter and Interactive Relighting (Polynomial 

texture mapping). 

Malzbender, T., Gelb, D., Wolters, H., 2001. Polynomial Texture Maps. 

Mathys, A., Brecko, J., Di Modica, K., Abrams, G., Bonjean, D., Semal, P., 2013. Agora 3D. 

Low cost 3D imaging: a first look for field archaeology. Notae Praehistoricae 33–42. 

MCG, 2014. Museums Computer Group: connect, support, inspire museum tech professionals 

[WWW Document]. URL http://museumscomputergroup.org.uk/ (accessed 4.5.14). 

McGovern, D., 2013. Spar Point Group - Disruptive Perspective - A Disruptive Perspective on 

the 3D Imaging Industry. Disruptive Perspective. 

Microsoft, 2015. Kinect for Windows (1st generation = infrared solid pattern projection, 2nd 

generation since 2014 = time of flight recording) [WWW Document]. URL 

http://www.microsoft.com/en-us/kinectforwindows/ (accessed 2.17.15). 

Mohen, J.-P., Menu, M., Mottin, B., Beraldin, J.-A., 2006. “Mona Lisa”: Inside the Painting. 

Harry N. Abrams, Inc. 

Moullou, D., Mavromati, D., Tsingas, V., Liapakis, C., Grammatikopoulos, L., Raikos, S., 

Sarris, A., Baltsavias, F., Remondino, F., Beraldin, J., others, 2008. Recording, 

Modelling, Visualisation and GIS Applications Development for the Acropolis of 

Athens., in: Proceedings XXI Congress International Society for Photogrammetry and 

Remote Sensing. pp. 1073–1076. 

Mozilla Foundation, 2011. WebGL [WWW Document]. Mozilla Developer Network. URL 

https://developer.mozilla.org/en-US/docs/Web/WebGL (accessed 11.5.14). 

Mudge, M., Malzbender, T., Chalmers, A., Scopigno, R., Davis, J., Wang, O., Doerr, M., 

Gunawardane, P., Ashley, M., Proenca, A., Barbosa, J., 2008. Image-Based Empirical 

Information Acquisition, Scientific Reliability, and Long-Term Digital Preservation for 

the Natural Sciences and Cultural Heritage. Presented at the Eurographics 2008, Crete, 

Greece. 

Mudge, M., Malzbender, T., Schroer, C., Lum, M., 2006. New Reflection Transformation 

Imaging Methods for Rock Art and Multiple-Viewpoint Display, in: The 7th 

International Symposium on Virtual Reality, Archaeology and Cultural Heritage. 

Presented at the VAST. 

Müller, G., Bendels, G.H., Klein, R., 2005. Rapid Synchronous Acquisition of Geometry and 

BTF for Cultural Heritage Artefacts. Proc. VAST 13–20. 

Musée du quai Branly, 2012. Musée du quai Branly - collection 3D [WWW Document]. URL 

http://modules.quaibranly.fr/collections-3d/index_en.html (accessed 4.29.12). 

Museums Association, 2013. Developing 3D imaging programmes: Museum Practice 

workshops, 11 November 2013 [WWW Document]. Museums Association conference. 

URL http://www.museumsassociation.org/conference/mpworkshops (accessed 

11.5.14). 

Museums Sheffield, 2012. Objects in 3D : Museums Sheffield [WWW Document]. URL 

http://www.museums-sheffield.org.uk/collections/objects-in-3d/ (accessed 4.29.12). 

Natural Colour Systems, 2012. Specifications of NCS Colour Gloss scale [WWW Document]. 

URL http://www.ncscolour.com/en/lm/products/Special-Offers/Index-

news/20111/11/Specifications/ (accessed 10.25.14). 

Natural Colour Systems (NCS), 2013. NCS Gloss Scale — NCS Colour. A tool for defining 

and specifying gloss, alone or in combination with colour. [WWW Document]. NCS 

Web shop. URL http://www.ncscolour.com/en/web-shop/ncs-gloss-scale/ (accessed 

10.25.14). 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



References and bibliography 

Page 292 

Niccolucci, F., Beacham, R., Hermon, S., Caner, H., 2010. Five years after: The London Charter 

revisited, in: 11th VAST International Symposium on Virtual Reality, Archaeology and 

Cultural Heritage. Eurographics Association, Paris, pp. 101–104. 

Nielsen, J., Mack, R.L., 1994. Usability inspection methods / edited by Jakob Nielsen and 

Robert L. Mack. John Wiley & Sons, New York ; Chichester. 

Nordland, R., 2014. Countries Divided on Future of Ancient Buddhas. The New York Times. 

NPL, 2007. Traceability and Uncertainty: Educate + Explore. 

Oliveira, J., 2008. Automated data extraction from 3D point cloud, Program in C++ (adapted 

in Microsoft Visual Studio by Kun, L. for this thesis in 2014). 

Online Etymology Dictionary, 2015. Surrogate [WWW Document]. URL 

http://www.etymonline.com/index.php?term=surrogate (accessed 6.19.15). 

Palma, G., ISTI-CNR, 2014. Web RTI viewer. 

Palmas, G., Pietroni, N., Cignoni, P., Scopigno, R., 2013. A computer-assisted constraint-based 

system for assembling fragmented objects. IEEE, pp. 529–536. 

doi:10.1109/DigitalHeritage.2013.6743793 

Pan, X., Beckmann, P., Havemann, S., Tzompanaki, K., Doerr, M., Fellner, D.W., 2010. A 

Distributed Object Repository for Cultural Heritage, in: 11th VAST International 

Symposium on Virtual Reality, Archaeology and Cultural Heritage. Eurographics 

Association, Paris. 

Pavlatou, E., Hess, M., 2013. “Play it again, SAM.” 3D scanning, modelling, and 3D printing 

of the fibreglass Sound Activated Model by E. Ihnatowicz (1968). AHRC project: 

Museum 2.0. Enhancing Exhibitions & Augmented Objects. Project by UCL 

Sustainable Heritage and V&A Museum. 

Payne, E.M., 2013. Imaging Techniques in Conservation. Journal of Conservation and Museum 

Studies 10. doi:10.5334/jcms.1021201 

Pintus, R., Rushmeier, H., Pal, K., Yang, Y., Weyrich, T., Gobetti, E., 2014. Geometric 

Analysis in Cultural Heritage, in: Proc. of Eurographics Workshops on Graphics and 

Cultural Heritage; State-of-the-Art Report (STAR). Darmstad, Germany, pp. 1–17. 

Piquette, K., 2012. Kathryn Piquette’s Blog: As If By Magic! Introduction to H-RTI. Kathryn 

Piquette’s Blog. 

Pletinckx, D., Callebaut, D., Killebrew, A.E., Silberman, N.A., 2000. Virtual-reality heritage 

presentation at Ename. IEEE Multimedia 7, 45–48. doi:10.1109/93.848427 

QRS International, 2013. Nvivo Tutorial at UCL, Qualitative testing analysis. 

Quatember, U., Thuswaldner, B., Kalasek, R., Breuckmann, B., Bathow, C., 2013. The Virtual 

and Physical Reconstruction of the Octagon and Hadrian’s Temple in Ephesus, in: 

Bock, H.G., Jäger, W., Winckler, M.J. (Eds.), Scientific Computing and Cultural 

Heritage, Contributions in Mathematical and Computational Sciences. Springer Berlin 

Heidelberg, pp. 217–228. 

Robson, S., Beraldin, J.-A., Brownhill, A.D., MacDonald, L., 2011. Artefacts for optical surface 

measurement, in: Videometrics, Range Imaging and Applications. SPIE Optical 

Metrology. Munich, Germany, p. 80850C–80850C–10. doi:10.1117/12.882702 

Robson, S., Bucklow, S., Woodhouse, N., Papadaki, H., 2004. Periodic photogrammetric 

monitoring and surface reconstruction of a historical wood panel painting for 

restoration purposes, in: International Archives of Photogrammetry and Remote 

Sensing. Presented at the ISPRS, Istanbul. 

Robson, S., MacDonald, S., Were, G., Hess, M., 2012. 3D Recording and Museums, in: 

Warwick, C., Terras, M., Nyhan, J. (Eds.), Digital Humanities in Practice. Facet 

Publishing, London, UK, pp. 91–115. 

Rodger, G.N., Flack, D.R., McCarthy, M.B., 2007. A review of industrial capabilities to 

measure free-form surfaces., NPL Report. National Physical Laboratory , NPL, UK. 

Roscoe, P.B., 1989. The Pig and the Long Yam: The Expansion of a Sepik Cultural Complex. 

Ethnology 28, 219–231. doi:10.2307/3773512 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



References and bibliography 

Page 293 

Rusinkiewicz, S., 2007. The QSplat Multiresolution Point rendering system for large meshes 

[WWW Document]. URL http://graphics.stanford.edu/software/qsplat/ (accessed 

4.6.14). 

Sample & Hold, Cornish, C., 2014. sample & hold Ltd - 3D scanning service bureau [WWW 

Document]. URL http://www.sampleandhold.co.uk/sculpture/ (accessed 11.9.14). 

Sargeant, B., Hosseininaveh Ahmadabadian, A., Erfani, T., Robson, S., Boehm, J., 2013. A 

webcam photogrammetric method for robot calibration. Proc. SPIE 8791, 

Videometrics, Range Imaging, and Applications XII; and Automated Visual Inspection 

8791, 879103–879103–13. doi:10.1117/12.2020484 

Schwartz, C., Sarlette, R., Weinmann, M., Klein, R., 2013. DOME II: A Parallelized BTF 

Acquisition System. Proc. Eurographics Workshop on Material Appearance Modeling: 

Issues and Acquisition 25–31. 

Schwartz, C., Sarlette, R., Weinmann, M., Rump, M., Klein, R., 2014. Design and 

Implementation of Practical Bidirectional Texture Function Measurement Devices 

focusing on the Developments at the University of Bonn. Sensors 14, 7753–7819. 

doi:10.3390/s140507753 

Science Museum, Scanlab Ltd., Hindmarch, J., 2013. The Shipping Galleries - A 3D Point 

Cloud Fly Through. The Shipping Gallery opened in 1963 and was decomissioned in 

2013. [WWW Document]. Science Museum. URL 

http://www.sciencemuseum.org.uk/about_us/history/shipping.aspx 

Scopigno, R., Cignoni, P., Callieri, M., Ganovelli, F., Impoco, G., Pingi, P., Ponchio, F., 2003. 

Using optically scanned 3D data in the restoration of Michelangelo’s David. pp. 44–

53. doi:10.1117/12.499921 

Semal, P., Mathys, A., Brecko, J., RBINS, 2013. Agora3D aims to establish protocols of 

digitization of the natural and cultural heritage (project website). [WWW Document]. 

Agora3D project. URL http://agora3d.africamuseum.be/english/index.php (accessed 

10.29.14). 

Serpico, M., Nelson, T., Hess, M., 2013. Developing 3D interactives, The Petrie Museum of 

Egyptian Archaeology, London. Case study in 3D technology in Museum Practice. 

Museums Association Webpage. 

Sholts, S.B., Flores, L., Walker, P.L., Wärmländer, S.K.T.S., 2011. Comparison of coordinate 

measurement precision of different landmark types on human crania using a 3D laser 

scanner and a 3D digitiser: Implications for applications of digital morphometrics. 

International Journal of Osteoarchaeology 21, 535–543. doi:10.1002/oa.1156 

Shortis, M., Robson, S., 2012. Vision Measurement System - VMS. 

Smithsonian Institution Archives, 2011. Digitization: Smithsonian Institution Archives [WWW 

Document]. Smithsonian Institution Archives. URL 

http://siarchives.si.edu/services/digitization (accessed 7.24.15). 

Snavely, N., 2010. Bundler - Structure from Motion (SfM) for Unordered Image Collections. 

Snavely, N., Seitz, S.M., Szeliski, R., 2008. Modeling the world from internet photo collections. 

International Journal of Computer Vision 80, 189–210. 

SourceForge.net, 2008. Matlab(R) Compiler Runtime 7.9/7.9 Win32 at SourceForge.net. 

Spectrum, Collections Link, 2011. SPECTRUM: the UK Museum Collections Management 

Standard (version 4.0/ 2011). 

Stevenson, J., Jimenez, C., Kelleher, P., Knox, U., 2012. 3D Modelling of Cultural Objects in 

the V&A Museum: Tools and Workflow Developments. Archiving Conference 2012, 

168–173. 

Stroeker, N., Vogels, R., 2014. ENUMERATE - Survey Report on Digitisation in European 

Cultural Heritage Institutions 201 4. 

Stumpfel, J., Tchou, C., Yun, N., Martinez, P., Hawkins, T., Jones, A., Emerson, B., Debevec, 

P.E., 2003. Digital Reunification of the Parthenon and its Sculptures., in: VAST-4 Th  

Interna Tional Symposium on Virtual Reality, Archaeology and Intelligent Cultural 

Heritage (2003). Citeseer, pp. 41–50. 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



References and bibliography 

Page 294 

Terras, M., 2010. Digital curiosities: resource creation via amateur digitization. Literary and 

Linguistic Computing 25, 425 –438. doi:10.1093/llc/fqq019 

Terras, M.M., 2006. Image to Interpretation: An Intelligent System to Aid Historians in 

Reading the Vindolanda Texts, Oxford studies in ancient documents. Oxford 

University Press, Oxford. 

Terras, M., Ross, C., Motyckova, V., 2012. Measuring impact and use: scholarly information-

seeking behaviour, in: Hughes, L.M. (Ed.), Evaluating and Measuring the Value, Use 

and Impact of Digital Collections. Facet Publishing, London. 

Teutsch, C., Isenberg, T., Trostmann, E., Weber, M., Berndt, D., Strothotte, T., 2005. 

Evaluation and Correction of Laser-Scanned Point Clouds. Proceedings of 

Videometrics VIII (Electronic Imaging 05) 5665, 172–183. 

The Digitization Project Office, Waibel, G., 2013. Smithsonian X 3D [WWW Document]. URL 

http://3d.si.edu/ (accessed 11.23.13). 

The Library of Congress, 2006. The Library of Congress  Technical Standards for Digital 

Conversion  Of Text and Graphic Materials. Library of Congress, United States. 

The London Charter Interest Group, 2009. The London Charter for the computer based 

visualization of cultural heritage. (2.1, February 2009) [WWW Document]. URL 

http://www.londoncharter.org/ (accessed 11.5.14). 

The National Freeform Centre at NPL, 2010. NPL high precision traceable FreeForm reference 

standard. 

Tingdahl, D., Godau, C., Van Gool, L., 2012. Base materials for photometric stereo [WWW 

Document]. URL https://lirias.kuleuven.be/handle/123456789/359897 (accessed 

3.14.13). 

Toschi, I., Hess, M., 2014. Metrological evaluation of 3D imaging systems - Guidlines & Best 

Practices (COSCH Working group 2/ Cost-Action TD 1201) (No. COST-STSM-

ECOST-STSM-TD1201-011114-048808), Short Term Scientific Mission COST 

report. UCL CEGE/ Bruno Kessler Foundation. 

Toussaint, S., 2002. Searching for Phyllis Kaberry via Proust: Biography, Ethnography and 

Memory as a Subject of Inquiry. Anthropology Today 18, 15–19. doi:10.2307/3694959 

Tringham, S., 2003. Scientific Examination of Wall Painting Fragments. from Knidos, Turkey,. 

Cortauld Institute of Art, London. 

Tuominen, V., Niini, I., 2008. Verification of the accuracy of a real-time optical 3D-measuring 

system on a production line, in: International Archives of Photogrammetry and Remote 

Sensing and Spatial Information Sciences. ISPRS. 

UCL Institute of Making, 2013. 3D milling with LaToyah at the UCL Bartlett. Darwin (or) 

Bust. Institute of Making Blog. 

UK Museums Association, 2008. UK Museum Association - Code of Ethics. 

UNESCO, 2015. UNESCO World Heritage Centre - Launch of global Unite for Heritage 

Coalition in Bonn [WWW Document]. URL http://whc.unesco.org/en/news/1303/ 

(accessed 7.6.15). 

UNESCO General Conference, 1978. Recommendation for the protection of movable cultural 

property. 

UNESCO Office in Amman, 2015. Unite4Heritage Initiative. Uneco Office in Amman. 

University of Brighton, 2009. National Recording Project for Sussex Online Database,  

University of Brighton - College of Arts and Humanities [WWW Document]. URL 

http://arts.brighton.ac.uk/projects/national-recording-project-sussex/national-

recording-project-for-sussex-online-database (accessed 10.17.14). 

University of Leuven, Belgium, 2008. Final EPOCH tool description - D.3.7. 

Vandermeulen, B., 2014. RICH project: new research prototype installed. Mounting the 

Microdome on the Conservation Copy Stand. Portable Light Dome. Relighting Cultural 

Heritage. 

VDI/VDE 2617-1, 2007. Association of German Engineers.VDI/VDE 2617-1:2007 - Accuracy 

of coordinate measuring machines with optical probing. Code of practice for the 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



References and bibliography 

Page 295 

application of DIN EN ISO 10360 to coordinate measuring machines with optical 

sensors for lateral structures. 

VDI/VDE 2617-6.1, 2007. Association of German Engineers. VDI/VDE 2617-6.1:2007 -  

Accuracy of coordinate measuring machines - Characteristics and their testing - 

Coordinate measuring machines with optical probing - Code of practice for the 

application of DIN EN ISO 10360 to coordinate measuring maschines with optical 

sensors for lateral structures. 

VDI/VDE 2617-6.2, 2007. Association of German Engineers. VDI/VDE 2617-6.2:2007 -  

Accuracy of coordinate measuring machines with optical probing. Code of practice for 

the application of DIN EN ISO 10360 to coordinate measuring machines with optical 

distance sensors. 

VDI/VDE 2634-1, 2002. Association of German Engineers. VDI/VDE 2634-1: 2002 - Optical 

3D measuring systems - Imaging systems with point-by-point probing. Practical 

acceptance and reverification methods for the evaluation of the accuracy of optical 3D 

measuring imaging  systems., VDI/VDE-Handbuch Messtechnik II. 

VDI/VDE 2634-2, 2002. Association of German Engineers. VDI/VDE 2634-2:2002 - Optical 

3D-measuring systems - Optical systems based on area scanning. Practical acceptance 

and reverification methods for the evaluation of the accuracy of optical 3D measuring 

imaging systems., VDI/VDE-Handbuch Messtechnik II. 

VDI/VDE 2634-3, 2008. Association of German Engineers. VDI/VDE 2634-3:2008 - Optical 

3D-measuring systems - Multiple view systems based on area scanning. Practical 

acceptance and reverification methods for the evaluation of the accuracy of optical 3D 

measuring imaging systems., VDI/VDE-Handbuch Messtechnik II. 

VDI/VDE 2634, Association of German Engineers (VDI), 2002. VDI 2634: Practical 

acceptance and reverification methods for the evaluation of the accuracy of optical 3D 

measuring imaging systems. 

VISICS Group KU Leuven, 2014. Minidome. Portable Light Dome by the computer vision 

group VISICS at KU Leuven. [WWW Document]. URL 

http://www.minidome.be/v01/home.php (accessed 10.20.14). 

Waldhaeusl, P., Ogleby, C., 1994. 3-by-3- Rules for Simple Photogrammetric Documentation 

of Architecture., in: Fryer, J.G. (Ed.), Close Range Techniques and Machine Vision. 

Proceedings of the Symposium of Commission V of ISPRS in Melbourne, Australia, 

1-4 March 1994. Melbourne, Australia, p. 426. 

Warwick, C., 2012. Studing users in Digital Humanities, in: Terras, M., Nyhan, J. (Eds.), Digital 

Humanities in Practice. Facet Publishing, London, UK, pp. 1–21. 

Warwick, C., Galina, I., Rimmer, J., Terras, M., Blandford, A., Gow, J., Buchanan, G., 2009. 

Documentation and the users of digital resources in the humanities. Journal of 

Documentation 65, 33–57. doi:10.1108/00220410910926112 

Were, G., 2014. Digital heritage in a Melanesian context: authenticity, integrity and ancestrality 

from the other side of the digital divide. International Journal of Heritage Studies 1–13. 

doi:10.1080/13527258.2013.842607 

Weyrich, T., Lawrence, J., Lensch, H.P.A., Rusinkiewicz, S., Zickler, T., 2008. Principles of 

Appearance Acquisition and Representation. FNT in Computer Graphics and Vision 4, 

75–191. doi:10.1561/0600000022 

Whitfield, C.W./ S., 2014. Digitisation at the British Library [WWW Document]. British 

Library Digitisation. URL http://www.bl.uk/aboutus/stratpolprog/digi/digitisation/ 

(accessed 7.29.14). 

Wiedemann, A., Suthau, T., Albertz, J., 1999. Photogrammetric survey of dinosaur skeletons. 

Fossil Record 2, 113–119. doi:10.1002/mmng.1999.4860020108 

X-Rite, 2012. X-Rite ColorChecker Passport [WWW Document]. URL 

http://www.calumetphoto.co.uk/product/x-rite-colorchecker-passport/XRIT250/ 

(accessed 10.26.13). 

Z Corporation, 2011. Z Corp 3D Printers [WWW Document]. URL 

http://www.zcorp.com/en/Products/3D-Printers/spage.aspx (accessed 9.30.11). 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



References and bibliography 

Page 296 

 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Appendices 

Page 297 

9 Appendices  

First a glossary of terms is given. The order of the appendices is oriented on the chapter structure 

for Chapters 2 to 5, i.e. qualitative evaluation (Appendix 9.2), then metric quantitative 

evaluation (Appendix 9.3), then 3D imaging framework appendices (Appendix 9.4). 

9.1 Glossaries of terms 

The following section is introducing terms and expressions used in this research. In the text, 

these terms are indicated in italics. Appendix 9.1.1 lists is a list of vocabulary concerning 

conservation and documentation in heritage institutions. Appendix 9.1.2 lists a glossary of 

terms for technical expressions in 3D imaging and digital photography. 

 Glossary of terms for conservation and cultural heritage 

Term Definition 

Analytic imaging In conservation, a number of photography based investigation and analysis 

techniques are used to answer questions about the object. The imaging takes 

place with or without microscope and can use other wavelength than only the 

visible ones. Multispectral imaging is part of analytic imaging and is extending 

the recording of the electromagnetic spectrum of recording by employing 

filters 

Anthropology Anthropology is the study of mankind, especially of origins, development, 

customs and beliefs. 

Artefact (museum term) The term comes from Latin: ars skill + facere to make. In this research, the 

expression artefact is used for manmade object, now held by heritage 

institutions. [US English: artifact.] 

Catalogue   A catalogue is complete list of items of a collection or museum. It contains 

object description, annotations of further information such as provenance. The 

catalogue can be illustrated if image material or photographic documentation 

is available (in most digital catalogues). 

Charter A Charter is a written statement of main principles and functions; in heritage 

used to define an international understanding about heritage / conservation. An 

example is the Charter of Venice in 1964 (International Charter for the 

Conservation and Restoration of Monuments and Sites). 

Condition reporting Formalized reporting on the condition of an object by a conservator. The report 

contains information about the object provenance, material, damage, and is 

part of the documentation during an object treatment. 

Conservation Conservation is the means by which the physical structure and intangible 

meanings of an object are preserved through repairing existing damage and 

preventing, or at least limiting, future change. The conservator or restorer 

executes the diagnosis, documentation and the treatment process. 

Cultural heritage Heritage is what came upon us from the past and what we will pass on to future 

generations. Heritage is defined as monuments, groups of buildings and sites. 

Heritage includes all domains of human activity, which are concerned with the 

understanding of communication of the material and intellectual culture.  
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Term Definition 

Curator Person in charge of a cultural heritage institution, museum or art gallery, 

responsible for acquisition, care and documentation, content of exhibitions and 

the management of the museum. 

Documentation Use broadly for the gathering and recording of information, especially to 

establish or provide evidence of facts or testimony. It consists of written or 

computerized records of the state of the object and any conservation 

procedures undertaken, together with photographs, diagrams and analytical 

data. Documentation records evidence revealed during examination. 

Monitoring Observation of change over time, in conservation used especially for the 

observation of damage propagation and material changes. 

Provenance Provenance describes the place of origin. It also describes the biography of an 

object: history of creation, use and ownership of the object. 

Raking light Raking light photography is used to visualise surface geometry features at a 

low incident angle of light. Similar effects can be reached in 3D viewing 

software with a virtual lighting from a low incident angle. 

 Glossary of technical terms for 3D imaging and digital photography 

Term Definition 

3D model / 3D image Result of a 3D measurement process and its processing (computational 

manipulation). 3D digital imaging, is replicating the real world object through 

the recording with opto-electronic sensors, as a digital 3D model from all 

sides, i.e. ‘in the round’ and to-scale, with the dataset is containing surface 

information, including surface properties and colour. 

3D imaging system A device for 3D recording that uses a laser stripe or spot to record the surface 

of an object. The real world object is translated into digital metric 

measurements in the form of a pointcloud with many millions of coordinates 

in space. 

Accuracy Accuracy is a qualitative term that describes how close the measurements are 

to the actual (true) value. Accuracy is the most important criterion for the 

evaluation of geometric recording. Measure of deviation from precision. 

Accuracy is described as the 'closeness of the agreement between the result of 

a measurement and a true value'. (NPL, 2007) 

Actual Data Actual data is the data recorded with a SUT (System Under Test) which will 

be compared to a reference data set. Often this comparison is also called 

Actual- Nominal comparison. 

Aliasing Any spatial frequencies higher than the Nyquist limit are under-sampled 

(displayed at lower frequencies) and show an effect known as aliasing. 

Alignment / Registration Transformation of separate 3D data sets into a common coordinate system. 

The mathematical operation for alignment is done through geometric 

elements like spheres, or surface based by the iterative closest point (ICP) 

algorithm. Also called registration or transformation of all scans into a 

common coordinate system 

(Data) artefacts  ‘Artefacts’ in the context of digital media means noticeable distortion due to 

the application of lossy data compression. This applies to digital 

photography as well as to video on screen, or faulty 3D image data recording 

or display. In the context of this research, it will always appear as ‘artefacts 

(errors)’ to make a distinction to the ‘manmade museum artefact’. 

Manufactured test objects can also be called ‘artefact’ in engineering 

metrology, but will be avoided in this research - instead ‘geometric features’ 

and ‘test object’ are used to address the purpose built test geometries for 

quantitative evaluation procedures. [US English: artifact.] 

Backface culling This is a rendering function in computer display of 3D models. Surfaces with 

a normal direction facing away from the viewer will not be displayed if the 

backface culling function is activated. Occluded areas will also not be shown. 

If the geometry of a 3D model would be displayed transparently, i.e. all data 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Appendices 

Page 299 

Term Definition 

can be seen. For demonstrations in this user testing backface culling was 

activated to render the object more naturalistically for the user. 

Calibration A predefined process to correct the units of measurement. Calibration is 

crucially important to sensors in engineering metrology to guarantee 

consistent results in measurements. A controlled test usually involving a 

calibrated reference artefact. The internal parameters of the scanning system 

will usually be optimised as a consequence of the calibration result. 

Coordinates in a 

pointcloud 

See Pointcloud 

Coordinate measuring 

machine (CMM) 

A Coordinate Measurement Machine is a device for measuring the physical 

geometrical characteristics of an object; today CMMs are mostly computer 

controlled and measure in 6 degrees of freedom. Measurements are defined 

by a probe that can be mechanical by a touch probe, optical, laser or white 

light. A touch probe is probe a pen-like device with a calibrated sphere of a 

certain diameter at the tip. 

Data acquisition / 

recording / imaging 

The process of measurement of a real world object through imaging and 

scanning sensors to replicate the real physical model as virtual dataset. 

Deviation map  A visual representation of deviations of measured data points from the CAD 

model or reference surface. The magnitude and direction of the deviations are 

often represented by a colour scale. Error vectors give the magnitude and 

direction of the differences between measured data and a CAD model.  

Digital photography Digital photography imaging systems use opto-electronic sensors for image 

acquisition instead of photographic emulsion.  

Digital preservation / 

Digital (information) 

curation 

Digital curation is not, as the name might suggest, connected to preservation 

of historical artefacts through digitisation. It is the active management of 

digital information over time, in order to ensure accessibility of ‘digital born’ 

information. ‘Digital curation involves maintaining, preserving and adding 

value to digital research data throughout its lifecycle.’ 

(http://www.dcc.ac.uk/digital-curation/) 

Engineering Metrology Has established standards and terminologies for object measurements and 

calibration to ensure high quality and precision. (Beraldin, 2008). 

Error Error in a measurement is the measure minus the true value. Accumulated 

errors can occur in the alignment of different parts, changing the total length 

of a part, e.g. a boat or a sphere. 

Evaluation A test of the performance of a scanning system, under specified measurement 

conditions. 

Histogram A histogram is a graphical representation of the frequency distribution of 

scaled characteristics. In this research often with a Gaussian curve. 

(User) Interface Graphic surface on the computer where 'user meets the program', the display 

enabling the user to give commands and get information from a computer 

program or a database. Also called User Interface. 

Lambertian surface  A diffusely reflecting surface with no specular components (i.e. not shiny), 

surface that is uniformly reflecting the light. Sometimes powder spray needs 

to be used to render a surface lambertian and thus ‘compatible’ or 

‘cooperative’ for 3D imaging. 

Metrology Science of measurement, including all practical and theoretical aspects of it. 

Metadata / Digital 

Provenance 

In this research, in addition to the known use of metadata, includes valuable 

information that forms a record of the object. Metadata includes textual 

description of the content of the data, especially if the data format is 

proprietary (meaning not a standard format but software producer specific). 

Included are also data acquired alongside the scan data, such as operator, 

measurements, scanner parameters, data processing parameters etc. (see 

Appendix 9.4.2) 
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Term Definition 

Modulation Transfer 

Function (MTF) 

MTF is a variable to express the capability of a photographic lens or sensor 

for spatial resolution. It is a sinusoidal function, which defines how spatial 

frequencies in the original scene or physical objects is transferred onto the 

image plane and therefore into the digital image. 

Noise Noisy data can occur due to the specifications of the scanner, a result of a 

measurement 'error' of the system 

Occlusion Optical imaging technologies often behave like the human eye, hidden or 

covered features, surfaces facing away from the viewer on opaque objects, or 

cannot be seen in their entirety from one viewpoint, therefore they are not 

visible/ recordable.  

Paradata Please see Metadata. 

Photogrammetry The process of recording convergent images with a calibrated camera, targets 

around and on the object and subsequent computational intersection and 

mathematical intersection of the images to create a pointcloud or polygon 

mesh. Photogrammetry is described in depth in ‘Imaging technologies for 

close range artefact recording’ on page 58. 

Pixel In digital imaging a pixel (or picture element) is a single point in a raster 

image. 

Pointcloud A data set when it comprises measurement points in space defined by 

coordinates. The spatial coordinates of a laser scan are defined by a plane (x 

and y axis), and the height (y). The format can be read as a list of points in 

ASCII comprised by numeric values XYZ (coordinate positions), RGB 

(colour information per point), surface normal directions (aka normals), often 

also intensity value measured describing the reflectance of the surface 

measured 

Precision Describes the spread of these measurements when they are repeated. A 

measurement that has high precision has good repeatability. In surveying 

precision is taken to describe the consistency with which a measurement or a 

set of measurements can be repeated (Bryan et al., 2009, sec. 2.1.1.). 

Polygon Mesh A polygon mesh from a 3D imaging record is a collection of vertices, edges 

and faces that defines the shape of an object surface, rendered in a viewer 

enabled by 3D computer graphics. The faces usually consist of triangles 

(triangle mesh), which can carry colour per vertex, or have an assigned colour 

texture image. 

Processing The processes carried out on the data. Data manipulations such as: alignment, 

meshing, hole filling, decimation etc. Processing steps are discussed in detail 

in Chapter 2. 

Registration See alignment. 

Reference data A surface or dataset against which the measured 3D dataset, the actual data, 

can be compared. The surface is often a technical drawing (CAD) model, part 

of a CAD model or a geometric feature such as a plane. In this research, the 

reference data is a dataset from a well-known system (SUT1).  

Repeatability Is evaluated under test conditions that do not change by performing multiple 

repetitions of the test procedure. ‘Repeatability of capture method: Data 

capture must be by a method that can be repeated, by the use of similar 

equipment and personnel to that described in the method statement, to the 

appropriate order of precision. For this reason the provision of data by a 

unique or undisclosed method is unacceptable.’ (Bryan et al., 2009, sec. 

2.1.1.)(Bryan et al. 2009, sec.2.1.1.)  

Reproducibility If the varied test conditions include different locations and test objects then 

the reproducibility of the system is being evaluated See (MacKinnon et al., 

2011, sec. 1.1.1. Precision). 
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Term Definition 

Resolution The word originally means a separation of something into its constituent parts. 

In computer graphics, it indicates the smallest measurable and meaningfully 

distinguishable distance between single coordinates describing a pointcloud.  

RTI (Reflectance 

Transformation Imaging) 

 

RTI (Reflectance Transformation Imaging) is a form of ‘relighting’ a scene, 

the dataset is produced by systematic recording of photographs, which are 

then computationally merged.  

Sensor A sensor is a converter that measures a physical quantity and converts it into 

a signal, which can be read by an electronic instrument (or observer). For 

accuracy, most sensors are calibrated against known standards. 

Optical sensors used in this research are converting signals from light or laser 

reflection into a spatial surface and colour information. 

Spatial resolution Spatial resolution characterizes the smallest measurable displacement along 

the direction of measurement.  

Structural resolution Structural resolution is defined by lateral resolution of distance sensors. (from 

VDI2617 p26) 

Surface Normal  On 3D model data the surface normal, or simply normal, is a perpendicular 

vector to the tangent plane to that surface in a point P. In the 3D model data a 

point is described by the spatial coordinate (x,y,z), the normal information per 

direction (i,j,k) and if applicable colour information (r,g,b). 

Surrogate  Etymologically, the word surrogate comes from Latin surrogare ("put in 

another's place, substitute" from assimilated form of sub "in the place of, 

under" + rogare "to ask, propose" (Online Etymology Dictionary, 2015). 

SUT (System Under Test) A 3D imaging system that is being assessed for its 3D image quality 

performance through a new procedure and the new Metric Test Object. 

Texture Colour information of the 3D model, which can be either stored as ‘colour per 

vertex’ directly with the 3D information, or ‘texture-mapped’ as an appended 

image file to the 3D file. 

Traceability Traceability is a method of ensuring that a measurement (even with its 

uncertainties) is an accurate representation of what it is trying to measure. 

(NPL, 2007) 

Verification A test of a scanning system measured against its specified performance.  
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9.2 Qualitative evaluation 

 Informed consent form for face-to-face interviews 
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 Software used for qualitative evaluation 

 Online software (UCL license): Opinio by Objectplanet 

http://www.ucl.ac.uk/isd/staff/e-learning/core-tools/opinio Opinio is a web-based 

survey tool which provides a framework for authoring and distributing surveys as well 

as a range of reporting facilities.”  

 Software (educational license): Nvivo 10 by QSR International is software that 

supports qualitative and mixed methods research. 
http://www.qsrinternational.com/products_nvivo.aspx  
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 User survey : Face-to-face interviews – part 1 

Interviews for qualitative user testing have been set up and tested as described in Section 3.5 

and following sections of Chapter 3. Please find attached the anonymized outcomes of the face-

to-face survey results as discussed in Sections 3.6. The transcript of the discussions has not 

been included. 

The report and graphics in the following report have been automatically produced by the Opinio 

software. 

Report info 

Report date: Saturday, January 10, 2015 11:30:48 AM GMT 

Start date: Tuesday, October 16, 2012 7:05:00 PM BST 

Stop date: Tuesday, January 13, 2015 7:05:00 PM GMT 

Stored responses: 24 

Number of completed responses: 24 

Question 1 What is your identification number?  

 

Average: 9,256.75 Minimum: 2 

Maximum: 123,456 Total answered: 24 

Question 2 Please describe your work? (Tick one or more boxes please.) 

You are... 
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Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

by choice 

Relative 

frequency 

Adjusted 

relative 

frequency 

Graduate or Postgraduate Student (MA/ PhD) 7 10.14% 29.17% 29.17% 

working in a museum 10 14.49% 41.67% 41.67% 

working at university 9 13.04% 37.5% 37.5% 

Public Engager 2 2.9% 8.33% 8.33% 

Researcher 5 7.25% 20.83% 20.83% 

Teacher /Lecturer 6 8.7% 25% 25% 

Archivist 1 1.45% 4.17% 4.17% 

Photographer/ Documentarist 2 2.9% 8.33% 8.33% 

Software developer/programmer 1 1.45% 4.17% 4.17% 

3D imaging technician 2 2.9% 8.33% 8.33% 

Conservator 6 8.7% 25% 25% 

Curator 6 8.7% 25% 25% 

Museum Professional 9 13.04% 37.5% 37.5% 

Other : please specify 3 4.35% 12.5% 12.5% 

Sum: 69 100% - - 

Not answered: 0 - 0% - 

Total answered: 24 

Text input: 

 
[answers relevant to previous job at UCL]  / Artist / Assistant Curator 

 

Question 3 What is your professional specialism? 

 Additionally to above, if applicable: What is your professional specialism? You are... Please choose one or 

more.    
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Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency by 

choice 

Relative 

frequency 

Adjusted 

relative 

frequency 

Archaeologist 6 21.43% 25% 25% 

Anthropologist 1 3.57% 4.17% 4.17% 

Palaeontologist 1 3.57% 4.17% 4.17% 

Zoologist 1 3.57% 4.17% 4.17% 

Historian 1 3.57% 4.17% 4.17% 

Computer Scientist 3 10.71% 12.5% 12.5% 

Geography/ GIS specialist 1 3.57% 4.17% 4.17% 

Other speciality (please specify) 14 50% 58.33% 58.33% 

Sum: 28 100% - - 

Not answered: 0 - 0% - 

Total answered: 24 

Text input: 

 
Digital Publishing / museum scientist / Preventive conservation / 3D Graphics / Photogrammetry / 3D 

Graphics / Conservation Scientist / Art historian, contemporary art curator / Image scientist, colour science / 

Art historian 

 

Question 4 Where are you filling in this survey?   

 
Frequency table 

Items 

Absolute 

frequency 

Relative 

frequency 

Adjusted 

relative 

frequency 

the UK, at UCL with the author of the survey sitting 

next to me 

21 87.5% 87.5% 

the UK 3 12.5% 12.5% 

Sum: 24 100% 100% 

Not answered: 0 0% - 

Total answered: 24 
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Question 5 How old are you?  

 
Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

Adjusted 

relative 

frequency 

16-24 1 4.17% 4.17% 

25-34 8 33.33% 33.33% 

35-44 6 25% 25% 

45-54 5 20.83% 20.83% 

55-64 3 12.5% 12.5% 

older 1 4.17% 4.17% 

Sum: 24 100% 100% 

Not answered: 0 0% - 

Total answered: 24 

Question 6 Experience with the use of IT and digital technologies 

How would you rate your experience with the use of IT and digital technologies? The use of a smartphone 

does also count. (Please choose only one answer to tick.) 

 
Frequency table 

Levels 

Absolute 

frequency 

Relative 

frequency 

Adjusted 

relative 

frequency 

very basic 1 4.17% 4.17% 

basic 4 16.67% 16.67% 

good 5 20.83% 20.83% 

very good/ fluent 9 37.5% 37.5% 

excellent 5 20.83% 20.83% 

Sum: 24 100% 100% 

Not answered: 0 0% - 

Total answered: 24 
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Question 7 Current technology used by yourself 

 Which technology/ gadgets are you currently using in your life and work? (Please choose one or more 

answers)  

 
Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

by choice 

Relative 

frequency 

Adjusted 

relative 

frequency 

Personal Computer (Desktop PC or Laptop) 24 21.82% 100% 100% 

Digital photography 21 19.09% 87.5% 87.5% 

Smartphone , using apps 15 13.64% 62.5% 62.5% 

Software to display 2D images and 

manipulate them (e.g. Photoshop) 

20 18.18% 83.33% 83.33% 

Software to display 3D images and 

manipulate them (e.g. registration, filtering, 

meshing) 

8 7.27% 33.33% 33.33% 

Gesture recognition for computer games (e.g. 

Kinect, Primesense) 

4 3.64% 16.67% 16.67% 

3D imaging (e.g. 3D scanning handheld, 

fringe projection, laser) 

7 6.36% 29.17% 29.17% 

Scientific imaging in 2D (microscopy, image 

stacking, surface roughness...Other? : please 

add below 

5 4.55% 20.83% 20.83% 

Scientific imaging in 3D (SEM, CT) 1 0.91% 4.17% 4.17% 
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Specify other: 5 4.55% 20.83% 20.83% 

Sum: 110 100% - - 

Not answered: 0 - 0% - 

Total answered: 24 

Text input: 

 

 3D virtual globes 

 standard optical microscope 

 photogrammetry 

 Spectroscopic Software 

 PTM 

Question 8  
  How big are the objects you are typically dealing with in your daily job? (Please tick one or more boxes)  

 
Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

by choice 

Relative 

frequency 

Adjusted 

relative 

frequency 

I do not work with objects. Not 

applicable. 

4 4.17% 16.67% 16.67% 

Microscopic 6 6.25% 25% 25% 

1 to 10 cm 16 16.67% 66.67% 66.67% 

10 to 30 cm 17 17.71% 70.83% 70.83% 

30 to 60 cm 13 13.54% 54.17% 54.17% 

60 to 1m 13 13.54% 54.17% 54.17% 

1 to 5m 12 12.5% 50% 50% 

5 to 10 m 5 5.21% 20.83% 20.83% 

bigger than 10 m 1 1.04% 4.17% 4.17% 

Building scale 4 4.17% 16.67% 16.67% 

Airborne (e.g. aerial photography/ 

LiDAR) 

2 2.08% 8.33% 8.33% 

Specify other: 3 3.12% 12.5% 12.5% 

Sum: 96 100% - - 

Not answered: 0 - 0% - 
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Total answered: 24 

Text input: 

 

 only information about objects (not with real objects so much) 

 5-10m occasional 

 from microscopic to building scale 

 

Question 9 Current technology used at your workplace 

 Which technologies are currently used in your institution or department for documentation? (For your 

professional activity behind the scenes, not for the public) Please choose one or more answers:   
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Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency by 

choice 

Relative 

frequency 

Adjusted 

relative 

frequency 

No documentation/ not applicable 1 0.48% 4.17% 4.17% 

Textual description 14 6.73% 58.33% 58.33% 

Drawings / Illustrations 14 6.73% 58.33% 58.33% 

To scale plans/maps 8 3.85% 33.33% 33.33% 

Digital photography 21 10.1% 87.5% 87.5% 

Digital video/ film 12 5.77% 50% 50% 

Digitized archival material (2D) 17 8.17% 70.83% 70.83% 

Collections management system 14 6.73% 58.33% 58.33% 

3D screen 5 2.4% 20.83% 20.83% 

3D projection 3 1.44% 12.5% 12.5% 

Digital photography to create 3D or 

2.5D (RTI/PTM) 

9 4.33% 37.5% 37.5% 

Digital stereo photography or 

photogrammetry to create 3D 

8 3.85% 33.33% 33.33% 

3D terrestrial laser scanning 

(interiors/exteriors) 

4 1.92% 16.67% 16.67% 

3D laser scanning (small object size) 10 4.81% 41.67% 41.67% 

3D handheld scanning (small objects 

to sculpture size) 

8 3.85% 33.33% 33.33% 

3D scanning fringe projection: single 

objects 

1 0.48% 4.17% 4.17% 

3D scanning with low cost sensor (e.g. 

Kinect) 

4 1.92% 16.67% 16.67% 

Digital mapping of damage (digital 

condition reporting on a 2D image) 

4 1.92% 16.67% 16.67% 

UV/ IR/ self-luminescence 

photography. 

10 4.81% 41.67% 41.67% 

Invasive/ destructive sampling: cross 

sections 

12 5.77% 50% 50% 

Microscopy + digital imaging 

(scientific imaging) 

14 6.73% 58.33% 58.33% 

Stacked images (microscopic) 

(scientific imaging) 

1 0.48% 4.17% 4.17% 

Other analytic imaging: CT with 3D 

representation, X-ray. 

7 3.37% 29.17% 29.17% 

Other conservation science/ analytic 

methods/ imaging: please specify: 

7 3.37% 29.17% 29.17% 

Sum: 208 100% - - 

Not answered: 0 - 0% - 

Total answered: 24 
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Text input: 

 

 Google Earth: orthophoto, 3D landscape, maps 

 FTIR, Raman, SEM, XRF 

 XRF 

 Nuclear Magnetic Resonance, Dynamic Mechanical Analysis, Mechanical Analysis, Raman 

Spectoroscopy, X-ay Flourescence 

 Multispectral, Hyperspectral imaging 

 

Question 10 Visitor engagement 

Which technologies are used to present results to the public  e.g. in your galleries/ in your museum/ for public 

engagement/ for teaching? (Please choose one or more answers)    

 
Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

by choice 

Relative 

frequency 

Adjusted 

relative 

frequency 

Film/ 2D cinema 11 13.41% 45.83% 50% 

Screen in galleries (text and images) 15 18.29% 62.5% 68.18% 

Screen in gallery also featuring interactive 3D 

images 

6 7.32% 25% 27.27% 

Touchscreen 11 13.41% 45.83% 50% 

Horizontal touchscreen (table) to be used by multiple 

people 

2 2.44% 8.33% 9.09% 
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3D video projection (e.g. with glasses) as cinema 4 4.88% 16.67% 18.18% 

3D computer screen (using glasses for viewing) 3 3.66% 12.5% 13.64% 

Application with interactive gesture tracking via 

Kinect 

2 2.44% 8.33% 9.09% 

QR codes in galleries 8 9.76% 33.33% 36.36% 

Augmented reality applications in the gallery 5 6.1% 20.83% 22.73% 

Apps for the visitors to download for use in the 

museum 

5 6.1% 20.83% 22.73% 

Apps for the visitor from the website as stand-alone 4 4.88% 16.67% 18.18% 

Other (please specify): 6 7.32% 25% 27.27% 

Sum: 82 100% - - 

Not answered: 2 - 8.33% - 

Total answered: 22 

Text input: 

 

 education (classroom) 

 Content tracked by visitor ID card (compass cards) 

 Website 

 PTM viewer 

 Text input: 

 Relating to Exhibition on display: Leventis gallery. Have not yet implemented touch screen. 

 Transcript [Additional info for classroom material: mash-up with google, exercise, virtual analysis] 

 HTML5 & WebGL for displaying 3D models on the web 

 AR in development (Great Map) 

 Lab tour, talk to visitors, show them objects and/or pictures. We have display boards, but they are 

not engaged with often. 

 QR code not a lot, will have augmented reality in future 
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Question 11 Motivation to integrate 3D into workflow? 

 What would you, or are you, integrating 3D imaging in your workflow? (Please tick one or more important 

reasons for you!) Please describe your motivation: 

 
Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

by choice 

Relative 

frequency 

Adjusted 

relative 

frequency 

to answer conservation question 12 6.74% 50% 50% 

to obtain a digital documentation 15 8.43% 62.5% 62.5% 

to obtain an exact metric measurement/ object 

geometry 

10 5.62% 41.67% 41.67% 

to identify/ quantify damage 13 7.3% 54.17% 54.17% 

to monitor for change 12 6.74% 50% 50% 

to obtain a multimedia representation (like a 

'digital surrogate') 

12 6.74% 50% 50% 
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to exhibit interactively 11 6.18% 45.83% 45.83% 

to teach/ educational opportunity 15 8.43% 62.5% 62.5% 

to create a physical replica 8 4.49% 33.33% 33.33% 

to digitize a selected object 10 5.62% 41.67% 41.67% 

to digitize a whole collection 4 2.25% 16.67% 16.67% 

to compare similar objects 7 3.93% 29.17% 29.17% 

to conduct a formal analysis of one or more objects 8 4.49% 33.33% 33.33% 

to conduct comparative analysis 9 5.06% 37.5% 37.5% 

to reconstruct an object 12 6.74% 50% 50% 

to visualise something that cannot be obtained with 

other technologies 

6 3.37% 25% 25% 

to make use of the 'in the round' 3D image quality 8 4.49% 33.33% 33.33% 

to do other things (please specify) 6 3.37% 25% 25% 

Sum: 178 100% - - 

Not answered: 0 - 0% - 

Total answered: 24 

Text input: 

 

 study other people using it 

 Scaled models of oversized objects 

 Comparison of different techniques 

 Text input: 

 At the moment, I can't think of any ways I would currently want to use 3D images, but if you could 

demonstrate how they would be useful to my teaching or research, and that the time invested would 

be worth the effort, I would certainly be interested.  

 To research the key psychological differences between real and virtual both perceived and 

comparative. 

 Transcript: or if you are planning to do it [to complement questions above] 

 We use SEM frequently, not just for imaging but also for elemental analysis. We look at and record 

the image, but use SEM for its other features as well. 

 Experience so far has mainly been for use of visiting researchers who bring in own equipment 

 

Question 12 Criteria for workflow/ planning before 3D imaging 

Criteria for your workflow and planning when you are planning a 3D documentation project, how important 

rank the following criteria for you?     

 Text input: 

 

 Meeting existing strategic priorities 

 Object accessibility 

 Terms and Conditions / Copyright 

 Ability to integrate with institution standards 

 Calibration of acquisition system (including illumination) to known standards (online qu 15) 
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Frequency Table 

 Extremely 

important 

Significantly 

more 

important 

Very 

important 
Important 

Less 

important 
Not 

important 
Not 

applicable 
Sum 

Clear choice of 3D 

imaging technologies 

by yourself to satisfy 

your specifications 

6  

26.09% 

4.8% 

3  

13.04% 

2.4% 

7 

 30.43% 

5.6% 

5 

 21.74% 

4% 

1 

 4.35% 

0.8% 

0 

 0% 0% 

1 

 4.35% 

0.8% 

23 

 100% 

18.4% 

Time & cost 

10 

 41.67% 

8% 

4  

16.67% 

3.2% 

6 

 25% 

4.8% 

1 

 4.17% 

0.8% 

2 

 8.33% 

1.6% 

0 

 0%  

0% 

1  

4.17% 

0.8% 

24 

 100% 

 19.2% 

Easy access to 

technology: I can use 

it myself 

5 

 20.83% 

4% 

3 

 12.5% 

2.4% 

4 

 16.67% 

3.2% 

3 

 12.5% 

2.4% 

6 

 25% 

4.8% 

1 

 4.17% 

0.8% 

2 

 8.33% 

1.6% 

24 

 100% 

 19.2% 

(High) resolution and 

output according to 

your specification 

8 

 33.33% 

6.4% 

5 

 20.83% 4% 

4 

 16.67% 

3.2% 

5 

 20.83% 

4% 

1 

 4.17% 

0.8% 

0 

 0% 

 0% 

1 

 4.17% 

0.8% 

24 

 100% 

 19.2% 

Sensor portability 

(sensor can move to 

or/ within your 

institution) 

2 

 8.7% 

1.6% 

3 

 13.04% 

2.4% 

7 

 30.43% 

5.6% 

3 

 13.04% 

2.4% 

5 

 21.74% 

4% 

1 

 4.35% 

0.8% 

2 

 8.7% 

 1.6% 

23 

 100% 

18.4% 

n/a 

4 57.14% 

3.2% 

1 14.29% 

0.8% 

1 

14.29% 

0.8% 

0 0% 0% 0 0% 0% 0 0% 0% 

1 

14.29% 

0.8% 

7 

100% 

5.6% 

Sum 35 - 28% 19 - 15.2% 29 - 

23.2% 

17 - 

13.6% 

15 - 12% 2 - 1.6% 8 - 6.4% 125 - 

100% 

*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Text input: 

 

 Transcript. Easy access. If I needed a specialist and if they would go away and I would have to deal 

with it. 

 There are three parts. a) Criteria for workflow and planning. b) Criteria for 3D image production 

(next page) c)criteria for 

 3D image quality of outcome (next page) 

 sensor portability: depends on object 
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 Sensor portability would depend on size and nature of object. Ease of access would depend on cost 

implications of getting a specialist in and long term plans. 

 Comment on 1: I would be open to suggestions by others, or use what is available, if necessary. 

comment on 4: acceptable resolution is ok 

 Think how the results will have an enduring value, i.e. remain visible to the institution and its users 

and useful for later researchers.  

 Calibration of acquisition system (including illumination) to known standards (online qu 15): 

extremely important. Capture all information of original) colour, geometry, gloss): significantly more 

important Consistency of imaging procedure: extremely important Traceable post processing steps- 

metadata and description: significantly more important. 

 

Question 13 Criteria after 3D imaging 

 Criteria for 3D image production after acquisition/ recording to final outcome. How important are the 

following criteria for further work on the 3D image during and after 3D recording.  

 

 Meeting standards for archiving 

 Handling of object (preferably minimum) 

 Capture all information in the original (spatial, spectral, tonal and angular) 

 No holes in model (even if artificially closed) 

 Impact on light sensitive surfaces 

 Calibration of acquisition system (including illumination) to known standards. 

 

 Levels 

 
Frequency Table@ 

 Extremel

y 

importan

t 

Significantl

y more 

important 

Very 

importa

nt 

Importa

nt 

Less 

importa

nt 

Not 

importa

nt 

Not 

applicabl

e 

Sum 

consistent 

visual 

appearanc

e as 

outcome of 

3D imaging 

8  

33.33% 

6.35% 

4 

 16.67% 

3.17% 

4 

 16.67% 

3.17% 

2 

 8.33% 

1.59% 

2 

 8.33% 

1.59% 

2 

 8.33% 

1.59% 

2 

 8.33% 

1.59% 

24 

 100%  

19.05

% 

Easy 

navigation 

and 

viewing 

5 

 20.83% 

3.97% 

5 

 20.83% 

3.97% 

5 

 20.83% 

3.97% 

2 

 8.33% 

1.59% 

3 

 12.5% 

2.38% 

3 

 12.5% 

2.38% 

1 

 4.17% 

0.79% 

24 

 100% 
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without 

specialist 

software 

 

19.05

% 

data 

output 

according 

to your 

specificatio

n 

5 

 20.83% 

3.97% 

6 

 25% 4.76% 

4 

 16.67% 

3.17% 

5 

 20.83% 

3.97% 

3 

 12.5% 

2.38% 

0  

 0% 

 0% 

1 

 4.17% 

0.79% 

24 

 100% 

19.05

% 

time of 

work after 

the 3D 

recording 

(processing 

time) 

3 

 12.5% 

2.38% 

6 

 25% 4.76% 

8 

 33.33% 

6.35% 

3 

 12.5% 

2.38% 

1 

 4.17% 

0.79% 

0 

 0% 0% 

3 

 12.5% 

2.38% 

24 

 100%  

19.05

% 

Possibility 

to re- 

purpose 3D 

image for 

other uses 

(gallery 

etc) 

8 

 33.33% 

6.35% 

4 

 16.67% 

3.17% 

6 

 25% 

4.76% 

2 

 8.33% 

1.59% 

3 

 12.5% 

2.38% 

0 

 0% 

 0% 

1 

 4.17% 

0.79% 

24 

 100% 

19.05

% 

n/a 

4 100% 

3.17% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 

4 

100% 

3.17% 

n/a 

2 100% 

1.59% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 

2 

100% 

1.59% 

Sum 35 - 

27.78% 

25 - 19.84% 27 - 

21.43% 

14 - 

11.11% 

12 - 

9.52% 

5 - 3.97% 8 - 6.35% 126 - 

100% 
*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Text input: 

 

 Transcript: you probably need specialist software to do anything. 

 Imaging being done by Mona. 

 Appearance is not relevant at time of capture, only later when viewing. 

 

Question 14 Criteria for quality of outcome 

  Criteria for 3D image quality of the outcome. When you commissioned 3D imaging by your team or an 

outside team, how important would the following criteria be for the 3D image quality of the final outcome.       

 

 Easily portable to other virtual environments (Moodle) 

 ways of reconstructing archaeological material; being able to reconstruct digitally from small 

amounts of material 

 'real time rendering and navigation' 

 crack measurement 

 Condition checking over time 

 Backup of Data 

 Monitor any changes in physical appearance of object with particular emphasis on measuring 

changes in the surface cracks 

 Is colour recording important for your work or research 
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 For use in social media 

 Ease of easily authoring a guided tour 

 Is detailed surface geometry important for your work 

 Obsolete proof for 10, 100 years 

 

Levels 

 
Frequency Table 

 Extremel

y 

important 

Significantl

y more 

important 

Very 

importan

t 

Importan

t 

Less 

importan

t 

Not 

importan

t 

Not 

applicabl

e 

Sum 

Easy 

navigation 

and viewing 

without 

specialist 

software 

7  

30.43% 

5.65% 

10 

 43.48% 

8.06% 

1  

4.35% 

0.81% 

2  

8.7% 

1.61% 

1  

4.35% 

0.81% 

2  

8.7% 

1.61% 

0 

 0%  

0% 

23 

 100% 

 

18.55

% 

colour 

fidelity 

7 

 30.43% 

5.65% 

6  

26.09% 

4.84% 

5  

21.74% 

4.03% 

2 

 8.7% 

1.61% 

2 

 8.7% 

1.61% 

1  

4.35% 

0.81% 

0 

 0% 

 0% 

23 

 100%  

18.55

% 

Metric 

accuracy 

(surface, 

volume, 

profile 

generation) 

11 

 47.83% 

8.87% 

6  

26.09% 

4.84% 

5  

21.74% 

4.03% 

0 

 0%  

0% 

1 

 4.35% 

0.81% 

0 

 0%  

0% 

0  

0%  

0% 

23 

 100%  

18.55

% 

High 

resolution 

(or 

according to 

your 

specification

) 

10 

 43.48% 

8.06% 

5 

 21.74% 

4.03% 

6 

 26.09% 

4.84% 

0  

0%  

0% 

2 

 8.7% 

1.61% 

0  

0%  

0% 

0 

 0%  

0% 

23 

 100%  

18.55

% 

Scientific 

research on 

the model 

(what do you 

3  

14.29% 

2.42% 

6  

28.57% 

4.84% 

3 

 14.29% 

2.42% 

2 

 9.52% 

1.61% 

2 

 9.52% 

1.61% 

0 

 0% 

 0% 

5  

23.81% 

4.03% 

21 

 100%  
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intend to 

find?   

16.94

% 

n/a 

2 28.57% 

1.61% 

1 14.29% 

0.81% 

4 57.14% 

3.23% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 

7 

100% 

5.65% 

n/a 

2 66.67% 

1.61% 

1 33.33% 

0.81% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 

3 

100% 

2.42% 

n/a 0 0% 0% 

1 100% 

0.81% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 

1 

100% 

0.81% 

Sum 42 - 

33.87% 

36 - 29.03% 24 - 

19.35% 

6 - 4.84% 8 - 6.45% 3 - 2.42% 5 - 4.03% 124 - 

100% 
*Sequence of numbers in a cell Absolute frequency 
Relative frequency row 

Relative frequency Text input: 

 

 Colour fidelity matters if the 3D image is supposed to be a substitute for the actual object; if it is 

considered supplementary, or there for publicity purposes, then this would be less important.  

 Scanning being done by Mona [participant did decide that none of the fields were applicable since 

job was not done by her] 

 Comment on 2: for my own personal use, at this point I might be more interested in the data (in terms 

of condition, surface variation). But, if I needed these images for display (i.e. the object would be on 

display or there would be a digital display), colour would be much more important, especially as a 

consideration to the viewer. 

 Research question: stages of the making process, process of making 

 Archival raw dataset , may have holes: important Creation of master dataset with best possible 

representation and calibrated systems to be able to derive other products from it later: extremely 

important 

Question 15 Other quality criteria to make 3D imaging fit-for-purpose 

Would you like to add more criteria and requirements for 3D imaging that would make it more fit for purpose?  

Text input: 

 

 It needs to be practical, affordable, and have long-term viability in terms of software and how one 

accesses the results. 

 Stress- Matching existing strategic priorities most likely within engagement activities, curatorial 

work inc. documentation and possibly conservation work although more pragmatic surveys and 

analysis are still prevalent. 

 ease of authoring 3D guided tours 

 Clear representation of the process of production to viewer. Used in conjunction with digital 

photography etc. 

 Renting equipment vs. buying (i.e. if it becomes obsolete or is too expensive etc.) 

 Nope. 

 additional channels besides RGB & 3D: multispectral properties full-waveform information 

 Make the digital representation as detailed and accurate as possible, then render it in a way simplified 

enough for the purpose. 
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Question 16 You are actively using 3D imaging at your workplace?  

 
Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

Adjusted 

relative 

frequency 

Yes 9 37.5% 39.13% 

Just starting to 2 8.33% 8.7% 

No 12 50% 52.17% 

Sum: 23 95.83% 100% 

Not answered: 1 4.17% - 

Total answered: 23 

Question 17 Does your institution or company own 3D imaging equipment?  

 
Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

Adjusted 

relative 

frequency 

Yes , we bought 3D imaging equipment 8 33.33% 36.36% 

Yes, we are using digital cameras for 

photogrammetry 

2 8.33% 9.09% 

No, we don't own 3D imaging equipment 11 45.83% 50% 

We are currently acquisitioning (additional) 

equipment 

1 4.17% 4.55% 

Sum: 22 91.67% 100% 

Not answered: 2 8.33% - 

Total answered: 22 
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Question 18 What triggered your decision to use a specific technology? 

If yes, please let us know what you are buying? And what triggered your decision for a specific technology?   

Text input: 

 

 We are lucky to really have been opted in to technology brought to UCL for a range of non-heritage 

uses. 

 I don't know, but my institution is UCL, which is testing this equipment 

 Lots of relatively cheap digital cameras that do the job, and a couple of incredibly expensive laser 

scanners that keep finding new and amusing ways not to work... ;) 

 We use SEM frequently 

 Triangulation based scanning with arm and time of flight scanner. 

 Several low-cost range cameras Low-cost Stereo Camera terrestrial laser scanner 

 Arius3D 

 4DDynamics Mephisto Photogrammetry camera array 

 Nikon D200 camera in dome for PTM Arius 3D scanner 

Question 19  If no, would you consider to introduce 3D imaging to your workplace?  

 
Frequency table 

Levels 

Absolute 

frequency 

Relative 

frequency 

Adjusted 

relative 

frequency 

Yes 3 12.5% 23.08% 

Yes, very likely 1 4.17% 7.69% 

Undecided 6 25% 46.15% 

No, maybe in the future 3 12.5% 23.08% 

Sum: 13 54.17% 100% 

Not answered: 11 45.83% - 

Total answered: 13 

Text input: 

 

 not my decision 

 N/A. [comment for qu 16 and 17:] I study other people using it. 

 In terms of the conservation lab- we may not have a use for it, but other departments within the 

Institute of Archaeology may have a use for it (ex collections, osteology, GIS (though I think they 

have their own system)) 

 I find problematic about 2.5D and 3D imaging: - Long term data sustainability/ digital preservation 

- Meeting existing strategic priorities - Inclusion in collection management systems/ databases 
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 User survey : Online questionnaire 

Interviews for qualitative user testing have been set up and tested as described in Section 3.5.  

Please find attached the report of the online based survey results as discussed in Section 3.6.  

The report and graphics in the report have been automatically produced by the Opinio software. 

 
Report info 

Report date: Monday, November 18, 2013 3:35:08 PM GMT 
Start date: Tuesday, October 16, 2012 7:05:00 PM BST 
Stop date: Saturday, November 30, 2013 7:05:00 PM GMT 
Stored responses: 79 
Number of completed responses: 45 
Number of invitees: 2 
Invitees that responded: 0 
Invitee response rate: 0% 

Question 1 Please describe your workplace. You are working at:  

 

Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

by choice 

Relative 

frequency 

Adjusted 

relative 

frequency 

a museum 27 31.76% 34.18% 36% 

a university 25 29.41% 31.65% 33.33% 

a local authority 4 4.71% 5.06% 5.33% 

a national institution/body 11 12.94% 13.92% 14.67% 

a charity or volunteer-based 3 3.53% 3.8% 4% 

a commercial provider of services 4 4.71% 5.06% 5.33% 

your own business/ freelance/ consultant 7 8.24% 8.86% 9.33% 

Other: please specify 4 4.71% 5.06% 5.33% 

Sum: 85 100% - - 

Not answered: 4 - 5.06% - 

Total answered: 75 
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Text input: 

 

 Student studying Library and Information Studies 

 National Library 

 Museum Studies student 

 documentation/restoration research institute 

 

Question 2 Please describe your role/ position? 

Please describe your role/ position? Tick one or more boxes please. (Disciplines and specialisms will be 

covered by the question 3 below. Please don't enter it in 'Other' if you find it in Question 3. Thanks.) You are  

 

Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

by choice 

Relative 

frequency 

Adjusted 

relative 

frequency 

Undergraduate Student 5 4.2% 6.33% 6.67% 

Graduate or Postgraduate Student (MA/ PhD) 16 13.45% 20.25% 21.33% 

Public Engager 1 0.84% 1.27% 1.33% 

Researcher 20 16.81% 25.32% 26.67% 

Teacher /Lecturer 11 9.24% 13.92% 14.67% 

Librarian 2 1.68% 2.53% 2.67% 

Photographer/ Documentarist 6 5.04% 7.59% 8% 

Archivist 1 0.84% 1.27% 1.33% 

Software developer/ programmer 5 4.2% 6.33% 6.67% 

Conservator 14 11.76% 17.72% 18.67% 

Curator 5 4.2% 6.33% 6.67% 

Museum Professional 8 6.72% 10.13% 10.67% 

3D imaging technician 9 7.56% 11.39% 12% 
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Project Manager 9 7.56% 11.39% 12% 

Other : please specify 7 5.88% 8.86% 9.33% 

Sum: 119 100% - - 

Not answered: 4 - 5.06% - 

Total answered: 75 

Text input: 

 
Architect/ post doc/ IT Professional/ director/ Sales/ scientific illustrator 

 

Question 3 What is your professional specialism? 

 Additionally to above: What is your professional specialism? Please tick all that apply to you. You are...  

 

 Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

by choice 

Relative 

frequency 

Adjusted 

relative 

frequency 

Archaeologist 14 12.39% 17.72% 20.59% 

Anthropologist 2 1.77% 2.53% 2.94% 

Palaeontologist 5 4.42% 6.33% 7.35% 

Historian 5 4.42% 6.33% 7.35% 

Computer Scientist 7 6.19% 8.86% 10.29% 
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Surveyor 4 3.54% 5.06% 5.88% 

Geography/ GIS specialist 3 2.65% 3.8% 4.41% 

Egyptologist 5 4.42% 6.33% 7.35% 

Museum scientist 2 1.77% 2.53% 2.94% 

Art historian 4 3.54% 5.06% 5.88% 

Biologist 4 3.54% 5.06% 5.88% 

Engineer 9 7.96% 11.39% 13.24% 

Artist 2 1.77% 2.53% 2.94% 

Preventive Conservator 8 7.08% 10.13% 11.76% 

Imaging scientist 6 5.31% 7.59% 8.82% 

3D graphics 10 8.85% 12.66% 14.71% 

Architect 5 4.42% 6.33% 7.35% 

Designer 3 2.65% 3.8% 4.41% 

Digital Publisher 2 1.77% 2.53% 2.94% 

Not applicable 3 2.65% 3.8% 4.41% 

Other speciality (please specify) 10 8.85% 12.66% 14.71% 

Sum: 113 100% - - 

Not answered: 11 - 13.92% - 

Total answered: 68 

Text input: 

 
3D scan & print consultant/ Classicist/ Librarian/ Design Research/ Multimedia/ Conservator/ physicist/ 

conservator/ Library & Information Specialist/ Sales 

 

Question 4 Where are you filling in this survey? ]  

 

Frequency table 

Items 

Absolute 

frequency Relative frequency 

Adjusted relative frequency 

the UK 23 29.11% 32.39% 

Europe 32 40.51% 45.07% 

Asia 1 1.27% 1.41% 

North America 13 16.46% 18.31% 

South America 2 2.53% 2.82% 

Sum: 71 89.87% 100% 

Not answered: 8 10.13% - 
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Total answered: 71 

Question 5 Specific location 

Optional: Would you like to be more specific where you are filling in this survey? (E.g. your city, state, your 

university, museum name, etc.)  

 
London/ Roma/ University of Cambridge Museums/ London/ My home in London./ Maine, USA/ Germany/ 

Heidelberg / University, Germany/ London, IoA-UCL/ Massachusetts Institute of Technology, USA/ British 

Geological Survey, Keyworth, Nottingham./ V&A London/ The Royal Botanic Gardens, Kew/ New York, 

US/ Aberystywth University/ Ottawa, Carleton University, Canada/ Politecnico di Milano/ The Virginia 

Department of Historic Resources, Richmond, Virginia Archaeological Conservation Lab/ New York/ 

Heidelberg, Germany/ University Heidelberg/ Copenhagen, Denmark/ Queen Mary University of London/ 

Italy, Politecnico of Milan/ Belgium, KULeuven/ The University of Texas at Austin, Texas, USA/ 

London/Berlin / Swedish National Heritage Bord Vsiby/ Horniman Museum and Gardens, London/ 

Cajamarca, Peru/ universitity of Amsterdam/ Poland, Bytom/ Interested in this technology/ Cajamarca, Perú, 

Sud América/ Courtauld Institute/ Bern, Switzerland/ MNHN, Paris/ Brussels, Belgium/ Muséum d'Histoire 

naturelle, Paris/ France, Paris, Muséum National d'Histoire Naturelle/ Muséum national d'Histoire Naturelle, 

Paris, France/ Museum national d'Histoire naturelle de Paris / Museum National d'Histoire Naturelle, Paris/ 

France, Muséum national d'Histoire naturelle, Paris/ Washington, D.C./ Museum National d Histoire Naturelle 

Paris France 

 

Question 6 How old are you?  

 

Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

Adjusted 

relative 

frequency 

younger 1 1.27% 1.43% 

16-24 3 3.8% 4.29% 

25-34 20 25.32% 28.57% 

35-44 23 29.11% 32.86% 

45-54 12 15.19% 17.14% 

55-64 10 12.66% 14.29% 

older 1 1.27% 1.43% 

Sum: 70 88.61% 100% 

Not answered: 9 11.39% - 

Total answered: 70 

Question 7 Experience with the use of IT and digital technologies 

How would you rate your experience with the use of IT and digital technologies? The use of a smartphone 

does also count. (Please choose only one answer to tick.) 
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Frequency table 

Levels Absolute frequency Relative frequency Adjusted relative frequency 

very basic 2 2.53% 2.9% 

basic 8 10.13% 11.59% 

good 17 21.52% 24.64% 

very good/ fluent 23 29.11% 33.33% 

excellent 19 24.05% 27.54% 

Sum: 69 87.34% 100% 

Not answered: 10 12.66% - 

Total answered: 69 

Question 8 Technology currently using in daily life 

  Which technology/ gadgets are you currently using in your life and work? Please choose all that apply. (In 

another question below I will ask you in more detail which technologies you are using for your imaging at 

work.)   
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Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

by choice 

Relative 

frequency 

Adjusted 

relative 

frequency 

Personal Computer (Desktop PC or Laptop) 66 18.44% 83.54% 97.06% 

Digital photography 64 17.88% 81.01% 94.12% 

Smartphone, using apps 48 13.41% 60.76% 70.59% 

Software to display 2D images and manipulate 

them (e.g. Photoshop) 

57 15.92% 72.15% 83.82% 

Software to display 3D images and manipulate 

them (e.g. registration, filtering, meshing) 

41 11.45% 51.9% 60.29% 

Gesture recognition for computer games (e.g. 

Kinect, Primesense) 

6 1.68% 7.59% 8.82% 

3D imaging (e.g. 3D scanning handheld, fringe 

projection, laser) 

29 8.1% 36.71% 42.65% 

Imaging in 2D (microscopy, image stacking, 

surface roughness...Other? : 

please add below 

24 6.7% 30.38% 35.29% 

Scientific imaging in 3D (SEM, CT) 17 4.75% 21.52% 25% 

Specify other: 6 1.68% 7.59% 8.82% 

Sum: 358 100% - - 

Not answered: 11 - 13.92% - 

Total answered: 68 

Text input: 

 

 Scanning, Database, Vector Drawing. 3D Sketching applications etc. 

 Adobe Premiere video editing, Audacity for audio 

 Anaglyphs, photogrammetry 

 video 

 2.5D and 3D imagery with photogrammetry 

 RTI 
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Question 9  How big are the objects you are typically dealing with in your daily 

job? (please tick one or more boxes)  

 

Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

by choice 

Relative 

frequency 

Adjusted 

relative 

frequency 

I do not work with objects. 

Not applicable. 

12 5.94% 15.19% 17.65% 

Microscopic 11 5.45% 13.92% 16.18% 

1 to 10 cm 33 16.34% 41.77% 48.53% 

10 to 30 cm 34 16.83% 43.04% 50% 

30 to 60 cm 26 12.87% 32.91% 38.24% 

60 to 1m 19 9.41% 24.05% 27.94% 

1 to 5m 22 10.89% 27.85% 32.35% 

5 to 10 m 11 5.45% 13.92% 16.18% 

bigger than 10 m 9 4.46% 11.39% 13.24% 

Building scale 17 8.42% 21.52% 25% 

Airborne (e.g. aerial 

photography/ LiDAR) 

6 2.97% 7.59% 8.82% 

Specify other: 2 0.99% 2.53% 2.94% 

Sum: 202 100% - - 

Not answered: 11 - 13.92% - 

Total answered: 68 

Text input: 

 

 Satellite imagery 

 0.5 to 3 mm 

 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Appendices 

Page 331 

Question 10 You are actively using 3D imaging at your workplace?  

 

Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

Adjusted 

relative 

frequency 

Yes 37 46.84% 61.67% 

Just starting to, we are currently buying equipment 

(please detail below which). 

4 5.06% 6.67% 

No 19 24.05% 31.67% 

Sum: 60 75.95% 100% 

Not answered: 19 24.05% - 

Total answered: 60 

Text input: 

 

 I have used on an ad-hoc basis, haven't used in the past year. 

 In the past 

 GI team using drones for aerial imaging. Bidding for funds for scanning equipment. Have some SEM 

data suitable for 3D. 

 We build our own in-house designed CT scanners. 

 Landscape, stratigraphic layer, and object-level 3D collected from photogrammetry/SfM; 3D 

reconstructions of buildings in authoring platforms, displayed with Unity engine 

 But I used to. 

 RTI, feasibility investigations by colleagues. No standard procedure yet. Equipment not yet known 

(except digital SLR and freeware) 

 Engaged with 3D imaging for conservation/preservation. 

 

Question 11 Current technologies used at workplace 

 Which technologies are you using AND are currently used in your institution or department for 

documentation? (For your professional activity behind the scenes, not for the public) Please choose one or 

more answers:   
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Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

by choice 

Relative 

frequency 

Adjusted 

relative 

frequency 

No documentation/ not applicable 2 0.4% 2.53% 3.28% 

Textual description 29 5.84% 36.71% 47.54% 

Drawings / Illustrations 40 8.05% 50.63% 65.57% 

To scale plans/maps 18 3.62% 22.78% 29.51% 

Digital photography 54 10.87% 68.35% 88.52% 

Digital video/ film 19 3.82% 24.05% 31.15% 

Digitized archival material (2D) 34 6.84% 43.04% 55.74% 

Collections management system 28 5.63% 35.44% 45.9% 

3D screen (used with or without glasses) 12 2.41% 15.19% 19.67% 

3D projection (used with glasses) on a screen 11 2.21% 13.92% 18.03% 

Digital photography to create 3D (Structure 

from Motion) 

13 2.62% 16.46% 21.31% 

Digital photography to create 2.5D (PTM/ 

RTI/ relighting) 

15 3.02% 18.99% 24.59% 

Photogrammetry to create 3D 15 3.02% 18.99% 24.59% 

Digital stereo photogrammetry to create 3D 5 1.01% 6.33% 8.2% 

3D terrestrial laser scanning (interiors/ 

exteriors) 

15 3.02% 18.99% 24.59% 

3D laser scanning (small object size) 20 4.02% 25.32% 32.79% 

3D handheld scanning (small objects to 

sculpture size) 

15 3.02% 18.99% 24.59% 

3D scanning fringe projection (small to 

sculpture size) 

9 1.81% 11.39% 14.75% 

3D scanning with low cost sensor (e.g. 

Kinect, Asus Xtion, Primesense) 

7 1.41% 8.86% 11.48% 

Digital mapping of damage (condition 

reporting on 2D image) 

10 2.01% 12.66% 16.39% 

UV/ IR/ self luminescence photography. 16 3.22% 20.25% 26.23% 

Invasive/ destructive sampling: cross 

sections 

11 2.21% 13.92% 18.03% 

Optical microscopy 22 4.43% 27.85% 36.07% 

Microscopy + digital imaging 19 3.82% 24.05% 31.15% 

Stacked images (e.g. microscopic, please 

detail below) 

6 1.21% 7.59% 9.84% 

Analytic imaging: CT, SEM, X-ray. 22 4.43% 27.85% 36.07% 

Surface roughness measurement. (please add 

your tour tool below) 

1 0.2% 1.27% 1.64% 

Analytic imaging: FTIR, Raman, XRF 16 3.22% 20.25% 26.23% 

Hyperspectral imaging 3 0.6% 3.8% 4.92% 

Multispectral imaging 8 1.61% 10.13% 13.11% 
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Other conservation science/ analytic 

methods/ imaging (please specify) 

2 0.4% 2.53% 3.28% 

Sum: 497 100% - - 

Not answered: 18 - 22.78% - 

Total answered: 61 

Text input: 

 

 PLM 

 analogue photography 

 

Question 12 Visitor engagement 

Visitor engagement:  Which technologies does your institution currently provide to visitors / present results 

to the public? E.g. in your galleries/ in your museum/ for public engagement/ for teaching? (Please tick all 

that apply)  
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Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

by choice 

Relative 

frequency 

Adjusted 

relative 

frequency 

Audio / Audio tour 19 11.05% 24.05% 31.67% 

Film/ 2D cinema 24 13.95% 30.38% 40% 

Screen in galleries (text and images) 20 11.63% 25.32% 33.33% 

Screen in gallery also featuring interactive 

3D images 

9 5.23% 11.39% 15% 

Touchscreen 21 12.21% 26.58% 35% 

Horizontal touchscreen (table) to be used 

by multiple people 

3 1.74% 3.8% 5% 

3D video projection (e.g. with glasses) as 

cinema 

8 4.65% 10.13% 13.33% 

3D computer screen (using glasses for 

viewing) 

7 4.07% 8.86% 11.67% 

Application with interactive gesture 

tracking / hand tracking (e.g. Kinect or 

Asus Xtion) 

4 2.33% 5.06% 6.67% 

QR codes in galleries (how are they used?, 

please detail below. direct to webpages or 

for voting?) 

8 4.65% 10.13% 13.33% 

Augmented reality (AR) applications in 

the gallery 

5 2.91% 6.33% 8.33% 

Apps for the visitors to download for use 

in the museum (smartphone or mobile 

devices) 

10 5.81% 12.66% 16.67% 

Apps for the visitor from the website as 

stand-alone 

7 4.07% 8.86% 11.67% 

PTM/ RTI viewer on the website 2 1.16% 2.53% 3.33% 

Not applicable 23 13.37% 29.11% 38.33% 

Other (please specify): 2 1.16% 2.53% 3.33% 

Sum: 172 100% - - 

Not answered: 19 - 24.05% - 

Total answered: 60 

Text input: 

 

 Website 

 spécimens réalisés avec une imprimante 3D 

 Text input 

 Presentations/talks showing our equipment rather than presenting objects, for scientific guests only, 

sometimes school classes, no visitors 

 We provide images, HR images, YouTube videos, anaglyphs and 3D digital models for download 

from our website, together with metadata 

 Not entirely sure what facilities are available in the Courtauld 

 not known 

 There may be fancier ways to present results to the public but I don't really know... 

 QR code to access garden tour. 
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Question 13 Motivations to integrate 3D into workflow 

Why would you, or are you, integrating 3D imaging in your workflow? (Please tick one or more important 

reasons for you!) Please describe your motivation: 
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Frequency table 

Choices 

Absolute 

frequency 

Relative 

frequency 

by choice 

Relative 

frequency 

Adjusted 

relative 

frequency 

I don't want to use 3D imaging in my work 2 0.39% 2.53% 3.45% 

to answer conservation question (please give an example for 

your question below) 

27 5.3% 34.18% 46.55% 

to obtain a digital documentation (how high-res would it 

need to be, please give details below) 

41 8.06% 51.9% 70.69% 

to obtain an exact metric measurement/ object geometry 33 6.48% 41.77% 56.9% 

to identify/ quantify damage 27 5.3% 34.18% 46.55% 

to monitor for change 25 4.91% 31.65% 43.1% 

to obtain a multimedia representation (like a 'digital 

surrogate') 

28 5.5% 35.44% 48.28% 

to exhibit interactively 22 4.32% 27.85% 37.93% 

to teach/ educational opportunity 24 4.72% 30.38% 41.38% 

to create a physical replica 19 3.73% 24.05% 32.76% 

to digitize a selected object 24 4.72% 30.38% 41.38% 

to digitize a whole collection 15 2.95% 18.99% 25.86% 

to compare similar objects 20 3.93% 25.32% 34.48% 

to conduct a formal analysis of one or more objects (e.g. 

anthropology or morphometric) 

12 2.36% 15.19% 20.69% 

to conduct comparative analysis of one or more objects 21 4.13% 26.58% 36.21% 

to virtually reconstruct an object 30 5.89% 37.97% 51.72% 

to visualise something that cannot be obtained with other 

technologies 

24 4.72% 30.38% 41.38% 

to make use of the 'in the round' 3D image quality 11 2.16% 13.92% 18.97% 

to condition checking over time 13 2.55% 16.46% 22.41% 

to produce scaled models/ replicas (smaller or bigger? 

please describe below) 

14 2.75% 17.72% 24.14% 

to compare different imaging techniques 18 3.54% 22.78% 31.03% 

to reduce handling of the original object 20 3.93% 25.32% 34.48% 

to provide additional content to researchers (visitors) 18 3.54% 22.78% 31.03% 

to provide a more engaging visitor experience 11 2.16% 13.92% 18.97% 

to do other things (please specify) 10 1.96% 12.66% 17.24% 

Sum: 509 100% - - 

Not answered: 21 - 26.58% - 

Total answered: 58 
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Text input 

 

 Accessibility for people with visual impairments 

 to develop new methods for processing 3D-data 

 analyse surface features on different scales from fingerprints to inscriptions 

 Remote access 

 preserve record of object in case of loss or damage 

 Create art pieces potentially 

 virtual restoration 

 to assist scientists 

 High res to surrogacy; to restore or reconstruct objects virtually 

 To provide data for others research 

 Information on tool marks 

 3D for surveying, modelling, dissemination and replicating heritage objects 

 https://vimeo.com/63686493 https://vimeo.com/30922928 Subtract restorations and reassemble in 

software. 

 Conservation: fits a missing piece to an object; Digital conservation: depends on size of object and 

the aims. The used method (photogrammetry, laserscan, structured light) and goes from sub-mm to 

a few cm 

 To understand different textures of papers as well as particular techniques that an artist has used. 

 40MB raw image 

 We use CT scanning to look inside heritage objects and to virtually unroll degraded parchment 

scrolls. We can read text if the ink is iron gall or other metal containing. 

 We are working mainly on building scale, so mm accuracy would do, resolution depends on the goal 

and surface detail needed 

 We use CT 3D imaging to gain better understanding of structure and composition of complex 

artefacts, condition report item and to print where necessary from the data 3D replicas or mounts 

 Primary use is SfM/photogrammetry to create 3D models of archaeological stratigraphy for 

visualization and analysis (ok with cm-level resolution); secondary is to create 2.5 or 3D 

representation of objects with surface relief (inscriptions, incised gems) to facilitate analysis by 

researchers and viewing by public -- resolution has to be very high for scholarly use (either high-res 

in terms of photography for RTI or sub-mm-level in terms of geometry) 

 To answer a conservation question: for example are the objects lifted in bloc corroded together? 

 replicas are made bigger because we scan really small specimens (insects for example) 

 back-up data, possibility of sharing resolution variable on the size and needs 

 Reproductions of 18th-c. wax figures too delicate to handle. 

 

Question 14 Criteria for workflow/ planning before 3D imaging 

BEFORE the 3D imaging project: Criteria for your planning/workflow and 3D image quality. When you are 

planning a 3D documentation project, how important rank the following criteria for you?     

 

 Condition assessment: as built condition 

 Knowledge on the complexity of the object 

 Knowing the surroundings (on scaffold, on ground, outside, inside, in a dark/light filled room, etc.) 
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Frequency table 

 Extremely 

important 

Significantl

y more 

important 

Very 

important 
Important 

Less 

important 

Not 

important 

Not 

applicable 
Sum 

Clear choice of 3D 

Imaging technologies by 

yourself because you 
know the instrument 

specs and can predict the 

outcome 

12  

26.67% 
2.97% 

10  

22.22% 
2.48% 

11  

24.44% 
2.72% 

6  

13.33% 
1.49% 

2  

4.44% 
0.5% 

1  

2.22% 
0.25% 

3  

6.67% 
0.74% 

45  

100%  

11.14% 

Time employed 5  

11.11% 
1.24% 

9  

20%  

2.23% 

15  

33.33% 
3.71% 

7  

15.56% 
1.73% 

7  

15.56% 
1.73% 

0  

0% 0% 

2  

4.44% 
0.5% 

45 

 100%  

11.14% 

Cost 
9 

 20%  

2.23% 

10  

22.22% 
2.48% 

11  

24.44% 
2.72% 

6  

13.33% 
1.49% 

4  

8.89% 
0.99% 

1  

2.22% 
0.25% 

4  

8.89% 
0.99% 

45  

100%  

11.14% 

Sensor portability (sensor 
can move to or within 

your institution) 

6  

13.64% 
1.49% 

6  

13.64% 
1.49% 

7  

15.91% 
1.73% 

12  

27.27% 
2.97% 

6  

13.64% 
1.49% 

1  

2.27% 
0.25% 

6  

13.64% 
1.49% 

44 

 100%  

10.89% 

Easy access to 

technology: I can use it 

myself 

7  

15.91% 
1.73% 

9  

20.45% 
2.23% 

10  

22.73% 
2.48% 

5  

11.36% 
1.24% 

7  

15.91% 
1.73% 

1  

2.27% 
0.25% 

5  

11.36% 
1.24% 

44  

100%  

10.89% 
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High resolution and 

output according to your 
specifications 

9  

20.93% 
2.23% 

11  

25.58% 
2.72% 

18  

41.86% 
4.46% 

3  

6.98% 
0.74% 

0 

 0%  

0% 

0  

0%  

0% 

2  

4.65% 
0.5% 

43  

100%  

10.64% 

Planning of 3D imaging 
outcome data formats and 

products prior to 3D 

imaging 

2  

4.44% 
0.5% 

9  

20% 

2.23% 

10  

22.22% 
2.48% 

12  

26.67% 
2.97% 

8  

17.78% 
1.98% 

1  

2.22% 
0.25% 

3 

 6.67% 
0.74% 

45  

100% 

11.14% 

Planning option to 
repurpose the recorded 

data for other uses before 

3D imaging 

2 

4.44% 
0.5% 

5  

11.11% 
1.24% 

8  

17.78% 
1.98% 

12  

26.67% 
2.97% 

13  

28.89% 
3.22% 

2  

4.44% 
0.5% 

3  

6.67% 
0.74% 

45 

 100%  

11.14% 

Ability to integrate with 

institution standards 
1  

2.27% 
0.25% 

6  

13.64% 
1.49% 

7  

15.91% 
1.73% 

12  

27.27% 
2.97% 

7  

15.91% 
1.73% 

4  

9.09% 
0.99% 

7  

15.91% 
1.73% 

44  

100% 

 10.89% 

n/a 
2  

66.67% 
0.5% 

0  

0%  

0% 

0  

0% 

 0% 

0  

0% 

 0% 

1  

33.33% 
0.25% 

0  

0%  

0% 

0  

0%  

0% 

3  

100%  

0.74% 

n/a 
1 100% 
0.25% 

0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 
1 100% 
0.25% 

Sum 56 - 

13.86% 
75 - 

18.56% 
97 - 

24.01% 
75 - 

18.56% 
55 - 

13.61% 
11 - 

2.72% 
35 - 

8.66% 
404 - 

100% 
*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Text input: 

 

 Congeniality of co-workers, technicians. 

 A basic understanding of the possibilities would also be good! 

 not applicable because we are evaluating, we can't already always predict the result, that is supposed 

to be the issue of the project 

 

Question 15 Criteria for workflow/ planning during 3D imaging 

DURING the 3D imaging project: Criteria for your workflow/ production and 3D image quality. How 

important are the following criteria for work on the 3D image during 3D recording.  
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Frequency table 

 Extremely 

important 

Significantly 

more 

important 

Very 

important 
Important 

Less 

important 

Not 

important 

Not 

applicable 
Sum 

Calibration of acquisition 
system (including 

illumination) to known 

standards. 

11  

25%  

3.51% 

7  

15.91% 
2.24% 

14  

31.82% 
4.47% 

7  

15.91% 
2.24% 

4  

9.09% 
1.28% 

0  

0% 

 0% 

1  

2.27% 
0.32% 

44  

100%  

14.06% 

Capture all information in 
the original (colour, 

geometry, surface gloss) 

11  

24.44% 
3.51% 

9  

20%  

2.88% 

15  

33.33% 
4.79% 

8  

17.78% 
2.56% 

2  

4.44% 
0.64% 

0  

0%  

0% 

0  

0% 0% 

45  

100%  

14.38% 

Consistency of imaging 

procedure 
9  

20.45% 
2.88% 

11  

25%  

3.51% 

13  

29.55% 
4.15% 

10  

22.73% 
3.19% 

1  

2.27% 
0.32% 

0  

0% 

 0% 

0  

0%  

0% 

44  

100%  

14.06% 

Easy navigation and 
viewing during the 

acquisition process 

10  

21.74% 
3.19% 

6  

13.04% 
1.92% 

13  

28.26% 
4.15% 

11  

23.91% 
3.51% 

4  

8.7% 
1.28% 

0  

0%  

0% 

2  

4.35% 
0.64% 

46  

100%  

14.7% 

Time of work (for 

processing/  modelling) 

after the acquisition 

8  

18.18% 
2.56% 

7  

15.91% 
2.24% 

14  

31.82% 
4.47% 

10  

22.73% 
3.19% 

5  

11.36% 
1.6% 

0  

0% 

 0% 

0  

0% 

 0% 

44  

100%  

14.06% 

Traceable post- 
processing steps/ 

metadata and description 

11  

24.44% 
3.51% 

6  

13.33% 
1.92% 

13  

28.89% 
4.15% 

9  

20%  

2.88% 

5  

11.11% 
1.6% 

1  

2.22% 
0.32% 

0 

 0%  

0% 

45  

100%  

14.38% 

Data output according to 

specifications 
8  

17.78% 
2.56% 

7  

15.56% 
2.24% 

18  

40% 

5.75% 

8  

17.78% 
2.56% 

4  

8.89% 
1.28% 

0  

0% 

 0% 

0  

0%  

0% 

45  

100%  

14.38% 

Sum 68 -  

21.73% 
53 - 

16.93% 
100 -  

31.95% 

63 - 

20.13% 
25 - 7.99% 1 - 0.32% 3 - 0.96% 313 - 100% 

*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Question 16 Criteria for workflow/ planning after 3D imaging 

AFTER the 3D imaging project: Criteria for your production/ outcome and 3D image quality     3D model 

quality. Please rank these issues in importance.   
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Frequency table 

 Extremely 
important 

Significantly 

more 

important 

Very 
important 

Slightly 

more 

important 

Less 
important 

Not 
important 

Not 
applicable 

Sum 

Is colour recording 
important for your work/ 

research? 

5  

11.36% 
1.27% 

6  

13.64% 
1.53% 

11  

25%  

2.8% 

7  

15.91% 
1.78% 

9  

20.45% 
2.29% 

5 

 11.36% 
1.27% 

1 

 2.27% 
0.25% 

44 

100% 

 11.2% 

Is detailed surface 

geometry recording 
important for your work? 

15 

 34.09% 
3.82% 

13 

 29.55% 
3.31% 

7 

 15.91% 
1.78% 

9 

 20.45% 
2.29% 

0 

 0% 

 0% 

0 

 0%  

0% 

0 

 0% 

 0% 

44 

 100% 

 11.2% 

Opportunity to use the 
datasets for formal 

analysis 

7  

16.28% 
1.78% 

9 

 20.93% 
2.29% 

16 

 37.21% 
4.07% 

6 

 13.95% 
1.53% 

3  

6.98% 
0.76% 

1  

2.33% 
0.25% 

1 

 2.33% 
0.25% 

43 

 100%  

10.94% 

Recording of material/ 

material properties 
5  

11.9% 
1.27% 

7 

 16.67% 
1.78% 

16 

 38.1% 
4.07% 

4 

 9.52% 
1.02% 

7 

 16.67% 
1.78% 

2 

 4.76% 
0.51% 

1 

 2.38% 
0.25% 

42 

 100%  

10.69% 

Correct colour recording/ 
colour fidelity 

7  

15.91% 
1.78% 

7 

 15.91% 
1.78% 

8 

 18.18% 
2.04% 

10 

 22.73% 
2.54% 

6  

13.64% 
1.53% 

5 

 11.36% 
1.27% 

1 

 2.27% 
0.25% 

44  

100%  

11.2% 

Correct gloss recording 

(shininess/ dullness/ 

correct surface reflectance 
properties) [mostly not 

yet possible to record yet] 

6  

13.33% 
1.53% 

5 

 11.11% 
1.27% 

8 

 17.78% 
2.04% 

11 

 24.44% 
2.8% 

9 

 20%  

2.29% 

5 

 11.11% 
1.27% 

1 

 2.22% 
0.25% 

45 

 100%  

11.45% 

Correct overall geometry, 

metric accuracy 
16  

36.36% 
9 

 20.45% 
15 

 34.09% 
3  

6.82% 
1 

 2.27% 
0 

 0%  

0 

 0%  

44 

 100%  
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4.07% 2.29% 3.82% 0.76% 0.25% 0% 0% 11.2% 

Recording of surface 

structure/ surface features 
15 

 34.09% 
3.82% 

13 

 29.55% 
3.31% 

11 

 25% 

 2.8% 

4 

 9.09% 
1.02% 

1 

 2.27% 
0.25% 

0 

 0%  

0% 

0 

 0%  

0% 

44 

 100%  

11.2% 

Record of manufacture  
(if manmade) or growth 

(if biological) 

6  

13.95% 
1.53% 

10 

 23.26% 
2.54% 

10 

 23.26% 
2.54% 

5  

11.63% 
1.27% 

7  

16.28% 
1.78% 

2 

 4.65% 
0.51% 

3 

 6.98% 
0.76% 

43 

 100%  

10.94% 

Sum 82 - 

20.87% 
79 - 20.1% 102 -  

25.95% 

59 - 

15.01% 
43 - 

10.94% 
20 - 5.09% 8 - 2.04% 393 - 

100% 

*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Question 17 Criteria for your outcome and 3D image quality 

AFTER the 3D imaging project: Criteria for your production/ outcome and 3D image quality. How important 

are the following criteria for the 3D image quality and for the final outcome, after 3D imaging by your team 

or an outside commissioned team has delivered the resulting data sets.      
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Frequency table 

 Extremely 

important 

Significantly 
more 

important 

Very 

important 
Important 

Less 

important 
Not 

important 
Not 

applicable 
Sum 

Easy navigation and 
viewing without specialist 

software (or open source) 

13  

28.89% 
3.27% 

13 

 28.89% 
3.27% 

8 

 17.78% 
2.02% 

8 

 17.78% 
2.02% 

3 

 6.67% 
0.76% 

0  

0% 

 0% 

0 

 0% 

 0% 

45 

 100%  

11.34% 

Accurate measurements 
possible (surface, volume, 

profile and cross section 

generation) 

16 

 35.56% 
4.03% 

15 

 33.33% 
3.78% 

9  

20%  

2.27% 

3 

 6.67% 
0.76% 

1 

 2.22% 
0.25% 

1 

 2.22% 
0.25% 

0  

0%  

0% 

45 

100%  

11.34% 

High resolution (or 

according to your 
specification) 

13  

28.89% 
3.27% 

15 

 33.33% 
3.78% 

15 

 33.33% 
3.78% 

2 

 4.44% 
0.5% 

0  

0%  

0% 

0 

 0% 

 0% 

0 

 0%  

0% 

45 

 100%  

11.34% 

Consistent visual 

appearance as outcome of 

3D imaging  

5 

 12.2% 
1.26% 

10 

 24.39% 
2.52% 

15 

 36.59% 
3.78% 

6  

14.63% 
1.51% 

2 

 4.88% 
0.5% 

1 

 2.44% 
0.25% 

2 

 4.88% 
0.5% 

41 

 100%  

10.33% 

No holes in 3D image 

(even if artificially closed 

by modelling) 

6 

 13.33% 
1.51% 

8 

 17.78% 
2.02% 

8 

 17.78% 
2.02% 

8 

 17.78% 
2.02% 

12 

 26.67% 
3.02% 

2 

 4.44% 
0.5% 

1 

 2.22% 
0.25% 

45 

 100%  

11.34% 

Scientific research on the 
model  

 

8 

 19.05% 
2.02% 

10 

 23.81% 
2.52% 

11 

 26.19% 
2.77% 

7 

 16.67% 
1.76% 

1 

 2.38% 
0.25% 

1 

 2.38% 
0.25% 

4  

9.52% 
1.01% 

42 

 100%  

10.58% 

Possibility to re- purpose 

3D image for other uses 

(gallery etc.). If not 
planned beforehand might 

involve more time and 

cost. 

3 

 6.67% 
0.76% 

13 

 28.89% 
3.27% 

9 

 20%  

2.27% 

10 

 22.22% 
2.52% 

6 

 13.33% 
1.51% 

3 

 6.67% 
0.76% 

1 

 2.22% 
0.25% 

45 

 100%  

11.34% 

Archival raw data set, 

may have holes 
7 

 15.91% 
1.76% 

9 

 20.45% 
2.27% 

10 

 22.73% 
2.52% 

7  

15.91% 
1.76% 

8 

 18.18% 
2.02% 

2 

 4.55% 
0.5% 

1 

 2.27% 
0.25% 

44 

 100%  

11.08% 

Creation of a Master 

dataset with the best  

possible representation 
and calibrated systems, to 

be able to derive other 

products from it later 

7 

 16.67% 
1.76% 

13 

 30.95% 
3.27% 

8  

19.05% 
2.02% 

4 

 9.52% 
1.01% 

7 

 16.67% 
1.76% 

0 

 0%  

0% 

3  

7.14% 
0.76% 

42 

 100%  

10.58% 

n/a 0 0% 0% 0 0% 0% 
1 33.33% 
0.25% 

2 66.67% 
0.5% 

0 0% 0% 0 0% 0% 0 0% 0% 
3 100% 

0.76% 

Sum 78 - 
19.65% 

106 - 26.7% 94 - 
23.68% 

57 - 
14.36% 

40 - 
10.08% 

10 - 2.52% 12 - 3.02% 397 - 
100% 

*Sequence of numbers in a cell/ Absolute frequency/ Relative frequency row/ Relative frequency 

Text input: 

 

 Visual appearance: Diffuse colour component is represented at each vertex, specular properties of 

the surface are specified at each vertex for virtual lighting (for unwrappings) Multiscale Integral 

Invariant Analysis of surface curvature (for feature detection) 

 Holes in 3D image may or may not be important. 

 measurements of angles of grooved media measurements of mechanical elements 

 The output of our scanning process is a dataset only really able to be handled in-house. We supply 

software that can read the final processed data, and in the case of an unrolled scroll, the final output 

is usually just a flat image of the recovered text. 

 structural safety analysis, use as a base for 3DGIS 

 Scientific research includes the ability to reconstruct sequence and volume of stratigraphic deposits 

or ability to use e.g. RTI of inscription to study letter forms/carving technique or revise reading of 

text 

 Consistency: each object of the same material should appear the same in its 3D representation. 

Research: find details you otherwise would not be able to see on the original object. 

 The most important for our research is to be able to quantify the data or to have the highest resolution. 

What it looks like (holes and colours) is not our priority. 

 relative volume and variation of thickness of biological tissues 
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Question 18  The future of 3D – promising existing technologies for CH 

In your opinion, which technology is most promising for increased take-up by museums/ cultural heritage 

(CH) in the next 5-10 years, for high-quality documentation imaging for artefacts and CH sites.  (Tick all that 

apply and free text below very welcome!)   

 Levels  

  

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Appendices 

Page 346 

Frequency table 

 
Agree 

Neither 
agree nor 

disagree 
Disagree 

Not 

applicable 
Sum 

High-resolution photography for 

condition reporting/ assessment/ 
documentation 

37  

88.1% 
6.42% 

3 

 7.14% 
0.52% 

1 

 2.38% 
0.17% 

1  

2.38% 
0.17% 

42 

 100% 7.29% 

Professional photography for 
presentation / catalogues 

21 

 53.85% 
3.65% 

9 

 23.08% 
1.56% 

6 

 15.38% 
1.04% 

3 

 7.69% 
0.52% 

39 

 100%  

6.77% 

Multispectral imaging 14 

 36.84% 
2.43% 

19 

 50% 3.3% 

1 

 2.63% 
0.17% 

4 

 10.53% 
0.69% 

38 

 100% 
6.6% 

Hyperspectral imaging 9 

 24.32% 
1.56% 

22 

 59.46% 
3.82% 

1 

 2.7% 
0.17% 

5 

 13.51% 
0.87% 

37 

 100%  

6.42% 

3D from Photogrammetry with 

low cost digital cameras (e.g. your 

Smartphone ) , e.g. 123DCatch 
software 

20 

 48.78% 
3.47% 

12 

 29.27% 
2.08% 

8 

 19.51% 
1.39% 

1 

 2.44% 
0.17% 

41 

 100%  

7.12% 

3D from Photogrammetry or 

Structure from Motion with 
professional digital cameras 

(based on digital SLR 

photography) 

25 

 64.1% 
4.34% 

11 

 28.21% 
1.91% 

2 

 5.13% 
0.35% 

1 

 2.56% 
0.17% 

39 

 100%  

6.77% 

2.5D/ relighting: PTM/ RTI (based 
on digital SLR photography) 

17 

 43.59% 
2.95% 

16 

 41.03% 
2.78% 

2  

5.13% 
0.35% 

4  

10.26% 
0.69% 

39 

 100%  

6.77% 

3D laser scanning 

(interiors/exteriors/ terrestrial), 

smallest resolution / 1mm 

23 

 56.1% 
3.99% 

11 

 26.83% 
1.91% 

5 

 12.2% 
0.87% 

2 

 4.88% 
0.35% 

41 

 100%  

7.12% 

3D handheld laser scanning with 
sensor on an arm, (small objects to 

sculpture size) , smallest resolution 

ca 0.4mm 

19 

 48.72% 
3.3% 

12 

 30.77% 
2.08% 

5  

12.82% 
0.87% 

3 

 7.69% 
0.52% 

39 

 100%  

6.77% 

3D handheld laser  scanning with 
tracking camera , (small objects to 

sculpture size) ,smallest resolution 

ca 0.4mm 

19 

 47.5% 
3.3% 

14 

 35% 

 2.43% 

4 

 10%  

0.69% 

3 7 

.5% 
0.52% 

40 

 100%  

6.94% 

3D scanning with user-grade / low 
cost sensor (e.g. Kinect or Xtion), 

resolution ca 0.5-1mm 

18 

 46.15% 
3.12% 

14 

 35.9% 
2.43% 

6  

15.38% 
1.04% 

1 

 2.56% 
0.17% 

39 

 100%  

6.77% 

3D fringe projection scanning , 

smallest resolution ca. 0.2mm 
11 

 29.73% 
1.91% 

21 

 56.76% 
3.65% 

2 

 5.41% 
0.35% 

3 

 8.11% 
0.52% 

37 

 100%  

6.42% 

3D high-resolution 3D laser 
scanning, resolution ca. 0.1mm 

(might not be portable) 

17 

 45.95% 
2.95% 

13 

 35.14% 
2.26% 

5 

 13.51% 
0.87% 

2 

 5.41% 
0.35% 

37 

 100% 6.42% 

A combination of technologies 

(please suggest which would be 

most useful below) 

19 

 57.58% 
3.3% 

9 

 27.27% 
1.56% 

0 

 0%  

0% 

5 

 15.15% 
0.87% 

33 

100%  

5.73% 

UAV (Unmanned Aerial Vehicle) 
with photography 

11 

 31.43% 
1.91% 

13 

 37.14% 
2.26% 

5  

14.29% 
0.87% 

6  

17.14% 
1.04% 

35 

 100%  

6.08% 

Sum 280 - 48.61% 199 - 34.55% 53 - 9.2% 44 - 7.64% 576 - 100% 

*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 
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Text input: 

 

 Laser scanning and photogrammetry 

 take the appropriate device for the respective objects, provide a zoo of devices for various purposes, 

make it accessible for the community 

 Botanists typically want 2D resolution down to 600ppi - equivalent to traditional 10x or 20x hand 

lens. I expect 3D requirement to be similar for macro objects. Also expect more demands of colour 

accuracy on live specimens than on preserved material. Beyond that, there is demand for 3D 

microscopy. Being able to scale up microscopic entities has been in demand since early atomic and 

molecular models and, at the other extreme, shrinking astronomic models to desk-size is centuries 

old. 

 123DCatch, but better (less reliance on texture for detail). PM/RTI provides little value when 

compared to high-res surface scanning. High-res surface scanning is especially valuable when linked 

to colour/texture maps. However, CT provides the most interesting and compelling and useful 

analytical tool for portable 3D objects (ceramics, statuary, small finds, furniture, stucco, mummies, 

etc.) 

 UAV-Photogrammetry for CH purposes will probably become also more important 

 There is a lot more than can be done with CT scanning than is currently done, due to a lack of access 

to scanning systems. 

 My point is not very valid. I don't know most of those technologies. 

 The 2 first are already on top! low-cost camera photogrammetry is going to increase but is not high-

res Combination: photogrammetry+kinect are for example 2 low-cost easy to use and 

complementary technology bound to become more 

 popular 

 

Question 19 What , in your opinion, should future developments in this area be?   

 

 High-res detectors on CT scanners, variable geometry scanners 

 
 Levels 
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Frequency table 

 Agree 
Neither agree 

nor disagree 
Disagree Not applicable Sum 

Option to integrate 3D in our 
workflow. How do you think this 

could be achieved? Please describe 

in the box below. 

21  

56.76% 
6.84% 

10 

 27.03% 
3.26% 

1 

 2.7% 
0.33% 

5 

 13.51% 
1.63% 

37 

 100% 12.05% 

Specialized personnel, e.g. 
conservator and 3D imaging 

technician in one person 

27 

 69.23% 
8.79% 

9 

 23.08% 
2.93% 

3 

 7.69% 
0.98% 

0 

 0% 

 0% 

39 

 100% 

 12.7% 

Equipment owned by a consortium 

for rent, optionally trained 3D 

technician 

23  

60.53% 
7.49% 

9 

 23.68% 
2.93% 

6 

 15.79% 
1.95% 

0 

 0% 

 0% 

38 

 100% 12.38% 

Common calibration standard, e.g. 
heritage test object with protocol 

26 

 68.42% 
8.47% 

10 

 26.32% 
3.26% 

1 

 2.63% 
0.33% 

1 

 2.63% 
0.33% 

38 

 100% 12.38% 

Standardized data format for long 

term sustainability 
33 

 82.5% 
10.75% 

7 

 17.5% 
2.28% 

0 

 0% 

 0% 

0 

 0%  

0% 

40 

 100%  

13.03% 

Improve spatial recording (resolution 

for geometry , to what degree ? 
please specify below) 

19 

 50% 6.19% 

18 

 47.37% 
5.86% 

0 

 0% 

 0% 

1 

 2.63% 
0.33% 

38 

 100%  

12.38% 

Improve spectral / tonal recording 

(for better colour recording, to which 

degree?) 

22 

 57.89% 
7.17% 

15 

 39.47% 
4.89% 

1 

 2.63% 
0.33% 

0 

 0% 

 0% 

38 

 100%  

12.38% 

Improve angular recording/ surface 

properties 
23 

 62.16% 
7.49% 

13 

 35.14% 
4.23% 

0 

 0% 

 0% 

1  

2.7% 
0.33% 

37 

 100%  

12.05% 

n/a 

1 

 50% 

 0.33% 

1 

 50% 

 0.33% 
0  0% 0% 0 0% 0% 

2 100% 0.65% 

Sum 195 - 63.52% 92 - 29.97% 12 - 3.91% 8 - 2.61% 307 - 100% 
*Sequence of numbers in a cell/ Absolute frequency/ Relative frequency row/ Relative frequency 

Text input: 

 

 Quality to visual surrogacy as approved by curator. Dedicated staff for sustainability. 

 The photographer of former times should get skills in 3D recording, the scientist/conservator should 

get skills in interpretation of the data and their future use. 

 The need for data and procedural standards and accurate recording of equipment, resolution etc. are 

similar to lessons learned in 2D scanning. Equipment costs continue to drop so consortium concept 

will be short-lived except for small institutions. Similarly, as process and equipment becomes more 

mainstream, the need for specialist technicians will decline. 

 Most important improvements in *surface* scanning need to be in software level, rather than 

hardware. 

 If we are going to collect this data it should be done in a way that makes it consistent and useful for 

scientific study of the objects. 

 improvements will happen and better performance will be cheaper, inevitably 

 To image inks on parchment, there are two issues to be considered. You need high enough spatial 

resolution to be able to detect the thickness of the ink on the page. You also need high contrast / 

dynamic range imaging to be able to see the small changes in x-ray attenuation that a thin layer of 

ink produces. 

 Easy-to-use tools, low-cost or free open-source software, best practice guides (model: RTI procedure 

as presented by CHI) 

 These scanners are good to sub mm. To get to micrometre scale and sub micrometre scale enters a 

new area of instrumentation and technology that is covered by the field of surface metrology. 
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Question 20 Likelihood of introduction of 3D at workplace 

 If you are not using 3D imaging would you consider to introduce it   to your workplace   in the future?   

 

Frequency table 

Levels 

Absolute 

frequency 

Relative 

frequency 

Adjusted relative 

frequency 

Already using 3D at work 24 30.38% 63.16% 

Yes, very likely 8 10.13% 21.05% 

Yes 3 3.8% 7.89% 

Undecided 2 2.53% 5.26% 

No, maybe in the future 1 1.27% 2.63% 

Sum: 38 48.1% 100% 

Not answered: 41 51.9% - 

Total answered: 38 

Text input 

 

 Needs to be easier, faster and cheaper to produce 

 Currently seeking funding for equipment. 

 I am not using 3D personally yet, but colleagues are (is this what you mean by "you"...the institutional 

"you"?) 

 Need to learn much more about it before could decide this. 

 

Question 21 What would increase the likelihood of introduction of 3D at workplace 

 From your point of view, what would increase the likelihood to integrate 3D imaging in your institution/ in 

your workflow today? If you are already using 3D imaging, what would be a welcome improvement?    

 

 Better image segmentation software 
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Frequency table 

 Agree 
Neither agree 

nor disagree 
Disagree Not applicable Sum 

Clear guidance about how to 

contract , Copyright and 
Intellectual property for 3D images 

/ 3D products 

18  

45% 

 3.64% 

17 

 42.5% 
3.43% 

3 

 7.5% 
0.61% 

2 

 5% 

 0.4% 

40 

 100%  

8.08% 

A set of specifications that could be 

adapted and used to tender the 3D 
imaging task 

20 

 51.28% 
4.04% 

16 

 41.03% 
3.23% 

1  

2.56% 
0.2% 

2  

5.13% 
0.4% 

39 

 100% 7.88% 

 

Best practice guidelines for 
3Dimaging of objects 

31 

 77.5% 
6.26% 

6 

 15% 

 1.21% 

1 

 2.5%  

0.2% 

2 

 5%  

0.4% 

40 

 100%  

8.08% 

(Your own) calibration object to 

test the capability of sensors before 

starting 3D imaging 

17 

 44.74% 
3.43% 

15 

 39.47% 
3.03% 

2  

5.26% 
0.4% 

4  

10.53% 
0.81% 

38 

 100%  

7.68% 

Predicted cost for imaging 18 

 46.15% 
3.64% 

18 

 46.15% 
3.64% 

1 

 2.56% 
0.2% 

2 

 5.13% 
0.4% 

39  

100% 

 7.88% 

Predicted time for imaging and 

subsequent processing to the end 

data set(s) 

20 

 52.63% 
4.04% 

14 

 36.84% 
2.83% 

1  

2.63% 
0.2% 

3 

 7.89% 
0.61% 

38 

 100% 

 7.68% 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Appendices 

Page 351 

Compatibility of 3D data with 

(museum) management database 
system 

21 

 55.26% 
4.24% 

13 

 34.21% 
2.63% 

0  

0% 

 0% 

4 

 10.53% 
0.81% 

38 

 100%  

7.68% 

A solution for long term storage 
and sustainability of data 

29 

 76.32% 
5.86% 

7 

 18.42% 
1.41% 

1 

 2.63% 
0.2% 

1 

 2.63% 
0.2% 

38 

 100%  

7.68% 

Contributes to your strategic aims 

and impact factor 
18 

 50%  

3.64% 

15 

 41.67% 
3.03% 

0  

0%  

0% 

3 

 8.33% 
0.61% 

36 

 100%  

7.27% 

Create long term value and 
visibility for the institution 

22 

 59.46% 
4.44% 

13 

 35.14% 
2.63% 

1 

 2.7% 

 0.2% 

1 

 2.7% 

 0.2% 

37 

 100%  

7.47% 

Show our institution as using state-

of-the art technology, raise the 

public profile 

19  

51.35% 
3.84% 

16 

 43.24% 
3.23% 

1 

 2.7% 

 0.2% 

1 

 2.7%  

0.2% 

37 

 100%  

7.47% 

Proven technology used to create 

high- end digital records 
21 

 58.33% 
4.24% 

13 

 36.11% 
2.63% 

1 

 2.78% 
0.2% 

1 

 2.78% 
0.2% 

36 

 100%  

7.27% 

3D and 2.5D images will be assets 

for the institution for 

documentation and research 

29  

80.56% 
5.86% 

6 

 16.67% 
1.21% 

0 

 0%  

0% 

1 

 2.78% 
0.2% 

36 

 100%  

7.27% 

n/a 1 50% 0.2% 0 0% 0% 0 0% 0% 1 50% 0.2% 2 100% 0.4% 

1 100% 0.2% n/a 1 100% 0.2% 0 0% 0% 0 0% 0% 0 0% 0% 

Sum 285 - 57.58% 169 - 34.14% 13 - 2.63% 28 - 5.66% 495 - 100% 

*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Text input 

 

 I don't understand the repeated insistence on calibration objects. There are already plenty of 

calibration phantoms for CT, and I'm not clear where else they would be useful. What am I missing? 

When we've needed a test object to optimize technique before we move objects to a scanning 

location, we've just made a phantom and it's worked fine... I do think best practice guidelines would 

be well worthwhile. 

 Don’t we all wish for a solution for long term storage and sustainability of data? 

 specifications that address different media in decorative arts collections, i.e. wood, metals, textiles, 

paper, glass, ceramic, mixed media, paper, photographs, etc. 

 

Question 22 Main barriers for adoption of 3D imaging technologies? 

From your point of view, what are the main barriers today for adopting 2.5D and 3D imaging in cultural 

heritage and museums?    

 

 lack of tradition for 3D photography 

 Lack of time to get to professional knowledge 

 
 Levels 
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Frequency table 

 Agree 
Neither agree 

nor disagree 
Disagree Not applicable Sum 

Cost: equipment too expensive at 

the moment 
27  

62.79% 
6.44% 

11  

25.58% 
2.63% 

5 

 11.63% 
1.19% 

0 

 0% 

 0% 

43 

 100% 10.26% 

Cost: too expensive to pay 

specialist technicians/ staff, 
provide training 

25 

 58.14% 
5.97% 

16 

 37.21% 
3.82% 

2 

 4.65% 
0.48% 

0  

0%  

0% 

43 

 100% 

 10.26% 

Time: takes too long until final 
results can be viewed 

17  

40.48% 
4.06% 

15 

 35.71% 
3.58% 

9 

 21.43% 
2.15% 

1 

 2.38% 
0.24% 

42 

 100% 

 10.02% 

Technology: confusing 

specifications with unpredictable 
outcome 

18 

 41.86% 
4.3% 

16 

 37.21% 
3.82% 

8  

18.6% 
1.91% 

1 

 2.33% 
0.24% 

43 

 100% 

 10.26% 

Outcome: 3D object does not look 
like the real object (material, gloss 

, colour, geometry) 

7 

 17.07% 
1.67% 

19 

 46.34% 
4.53% 

14 

 34.15% 
3.34% 

1 

 2.44% 
0.24% 

41 

 100% 

 9.79% 

Long-term conservation issues 
caused by 3D imaging: light 
sensitive materials 

12 

 29.27% 
2.86% 

14 

 34.15% 
3.34% 

13 

 31.71% 
3.1% 

2  

4.88% 
0.48% 

41 

 100% 

 9.79% 

Long-term conservation issues 

caused by 3D imaging: amount of 
object handling 

10 

 24.39% 
2.39% 

12 

 29.27% 
2.86% 

17 

 41.46% 
4.06% 

2  

4.88% 
0.48% 

41 

 100%  

9.79% 

Long term data sustainability/ 

digital preservation 
24 

 58.54% 
5.73% 

13 

 31.71% 
3.1% 

4  

9.76% 
0.95% 

0 

 0%  

0% 

41 

 100%  

9.79% 
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Difficult to harmonize with 

existing strategic priorities 
16 

 38.1% 
3.82% 

15 

 35.71% 
3.58% 

10 

 23.81% 
2.39% 

1  

2.38% 
0.24% 

42 

 100% 

 10.02% 

Unclear Copyright or Intellectual 
Property rights 

11 

 27.5% 
2.63% 

16 

 40% 3.82% 

13 

 32.5% 
3.1% 

0  

0%  

0% 

40 

 100% 

 9.55% 

n/a 2 100% 0.48% 0 0% 0% 0 0% 0% 0 0% 0% 2 100% 0.48% 

n/a 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 

Sum 169 - 40.33% 147 - 35.08% 95 - 22.67% 8 - 1.91% 419 - 100% 

*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Text input: 

 

 More of an observation: the concerns may be real but should not impede starting or persevering with 

3D digitisation. You just have to acknowledge and accept the risks of making mistakes at first. 

 On amount of object handling, the only situation where I've seen a problem is propping objects in 

damaging orientations for 123D catch-type operations. On copyright, I'm not clear what the problem 

is. 

 Many people (mainly archaeologists) I know fear the technology itself and often refuse using it. And 

if they are interested, they often have no idea of time amount, costs and even how much work is 

necessary, so extremely unrealistic tasks are asked or planed. 

 after all, 3D was invented in the analogue era 

 Lack of effective, low-cost, user-friendly platforms to present 3D information to public, provide for 

scholarly reuse 

 Open source software is still confidential and commercial solutions are really expensive. 

 

Question 23 What would you present via an online viewer? 

If you were to present your 3D objects over the web, and assumed that viewer integration on all platforms 

would be a given, what would you want to present? (Click one or more)  

 

Frequency table 
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Choices 

Absolute 

frequency 

Relative 

frequency 

by choice 

Relative 

frequency 

Adjusted 

relative 

frequency 

Not applicable 6 4.76% 7.59% 14.29% 

Small 3D model to catch attention, navigation menu, 

short visitor dwell time 

21 16.67% 26.58% 50% 

Option to download a higher resolution 3D model for 

viewing 

22 17.46% 27.85% 52.38% 

3D model colour must match the object colour exactly 9 7.14% 11.39% 21.43% 

3D model size on screen needs to match the real object 

size exactly 

7 5.56% 8.86% 16.67% 

Low geometry , high resolution colour 6 4.76% 7.59% 14.29% 

High geometry, high resolution colour (big file size!) 14 11.11% 17.72% 33.33% 

3D pointcloud (co-ordinates in space) 9 7.14% 11.39% 21.43% 

3D mesh/ polygon model (closed surface model) 18 14.29% 22.78% 42.86% 

Embedded 2.5D (PTM/RTI/relighting) 11 8.73% 13.92% 26.19% 

Other: 3 2.38% 3.8% 7.14% 

Sum: 126 100% - - 

Not answered: 37 - 46.84% - 

Total answered: 42 

Text input 

 

 educational and interactive 3D application 

 I don't understand some of the terms used in Q.23. 

 Whilst file size and bandwidth is a constraint then the above need to be presented as options if 

possible, starting with the lowest res/size as default. In time, Moore's Law etc. will make us look 

back and laugh at these issues. :) 

 OpenGL (coming soon to mobile platforms) is best for 3D with interior structure: see 

zygotebody.com and compare to the more awkward presentation in eskeletons.org or, slightly better, 

digimorph.org. Then look at the mess created by using MS Silverlight in VZAP at vzap.iri.isu.edu. 

 You can learn to watch 3D images with the unaided eye! 

 We usually provide a rendered version of the 3D data in the form of a video fly-though of the object 

and a series of high resolution still images. 

 3D pdfs are a good tool to exchange 3D data on the web. It's super easy to manipulate for non 3D-

users. 

 

Question 24 Involvement in 2D or 3D projects? 

Optional. Are you involved in a 2D or 3D imaging project at the moment? If so, I would be very interested 

about the name of the project and the project website. 

Text input 

 

 PTM/RTI; check blog pages of [UK] The National Archives. 

 Yes: http://archiv.ub.uni-heidelberg.de/volltextserver/13890/ 

 ILATO (Improving limited angle CT by optical data integration), so-called DACH-Project by DFG 

(German Research Foundation) and SNF (Schweizerische Nationalfonds) 

 NO 

 GB3D type fossils online www.3d-fossils.ac.uk 

 3DCOFORM 
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 At Kew we have been digitising 2D specimens for about a decade and have a network of international 

partners following our approach. We have a digitisation review project under way and a bid for 3D 

equipment in progress. Even if the bid fails, I expect we will do something in 3D, just smaller and 

slower. 

 Kasbah of Taourirt (Morocco) and Kuño Tambo church (Peru) 

 CT scanning of cultural and natural history material. It's mostly for exhibit, these days... 

 No. I have been in the past (2000-2001, my master's thesis) using a microscribe arm (and other 

methods) to digitize a horde of Roman coins block lifted and brought to the lab. So this is interesting 

to me. 

 yes but they are all confidential 

 Regularly 3D-scanning using a structured-light scanner at the Angkor Project Group at the 

Interdisciplinary Centre for [?] 

 Scientific Calculation (http://scotty.iwr.uni-heidelberg.de) and different other projects using this 

scanner. Wrote my Master’s Thesis (German "Magisterarbeit") on open source photogrammetry 

(SFM) for archaeological use. Used this method on different examples from small finds to whole 

buildings. Also planned to use the SFM-method by our UAV: www.archeye.de. Using TOF-

laserscanner for buildings or archaeological remains. 

 I use 3D photography when the situation calls for it, for documentation purposes. For non-

microscopic uses I recommend the use of a standard volume with calibration marks somewhere in 

the image field 

 I work on the Apocalypto Project to read unreadable scrolls. This is a 4 year project that is coming 

to an end soon, but we hope to be able to continue the work and offer a scanning service in the near 

future. http://apocalypto.org.uk/ 

 3D Icons project 

 Historischer Stadtatlas Hildesheim- HAWK 

 I am afraid I have failed to keep up my project blog... 

 I've represented as far as I could aspects of my own research and other research projects in the 

Conservation of Wall Painting Department. We're all at preliminary stages for research using 3D 

imaging. 

 http://ums2700.mnhn.fr/ast-rx/presentation 

 Yes: Agora3D (you've given a presentation on Aug. 30th, 2013) 

 Please visit our website (in French, sorry) http://ums2700.mnhn.fr/ast-rx/presentation and the gallery 

http://ums2700.mnhn.fr/ast-rx/realisations 

 look at: http://surfacus.mnhn.fr/ 

 You already know it ;) (agora3D) 
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 User testing : Face-to-face interviews – part 3 

Interviews for qualitative user testing have been set up and tested as described in Section 3.5. 

Please find attached the anonymized outcomes of the Face-to-face survey results as discussed 

in Sections 3.7. The transcript of the discussions has not been included. The report and graphics 

in the following report have been automatically produced by the Opinio software. 

Report info 

Report date: Wednesday, November 20, 2013 5:09:31 PM GMT 
Start date: Friday, October 26, 2012 6:22:00 PM BST 
Stop date: Saturday, November 30, 2013 5:22:00 PM GMT 
Stored responses: 24 
Number of completed responses: 22 

Question 1 What is your identification number?  

Interviewees filled in their identification number. 

Question 2 Resolution testing / psychometric testing 

   3D resolution task, Please evaluate the usability of the following samples for a condition report or detailed 

description of the object.   

Levels 

 

 Excellent/ above 
expectation s 

Very good/favour able Good / acceptable fair poor Sum 

Sample 1 0 0% 0% 0 0% 0% 0 0% 0% 2 20% 2.67% 
8 80% 
10.67% 

10 100% 13.33% 

Sample 2 0 0% 0% 
1 6.67% 
1.33% 

1 6.67% 
1.33% 

8 53.33% 
10.67% 

5 33.33% 
6.67% 

15 100% 20% 

Sample 3 0 0% 0% 
1 6.25% 
1.33% 

4 25% 5.33% 
8 50% 
10.67% 

3 18.75% 4% 
16 100% 21.33% 

Sample 4 0 0% 0% 
2 11.76% 
2.67% 

7 41.18% 
9.33% 

6 35.29% 8% 
2 11.76% 
2.67% 

17 100% 22.67% 

Sample 5 0 0% 0% 
5 29.41% 
6.67% 

6 35.29% 8% 
4 23.53% 
5.33% 

2 11.76% 
2.67% 

17 100% 22.67% 

Sum 0 - 0% 9 - 12% 18 - 24% 28 - 37.33% 20 - 26.67% 75 - 100% 
*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Question 3 Earthen Pot (owned by Stuart Robson) 

Please evaluate the 3D image quality evaluation of the Earthen Pot. Please consider evaluate geometry and 

colour separately if possible. Would you use this object for research or teaching, which uses could you imagine 

with the 3D image presented? Please consider the size of the object.    

 Levels 
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 Excellent/ above 
expectation s 

very good Good Fair Poor Not worth keeping Sum 

3D laser scan  

(Arius3D) - Geometry 
2  

16.67% 
4.35% 

2  

16.67% 
4.35% 

4 

 33.33% 
8.7% 

4 

 33.33% 
8.7% 

0 

 0%  

0% 

0 

 0% 

 0% 

12 

 100% 

 26.09% 

3D laser scan 
(Arius3D) Colour 

1  

8.33% 
2.17% 

0 

 0% 

 0% 

6 

 50% 
13.04% 

3  

25%  

6.52% 

2 

 16.67% 
4.35% 

0 

 0%  

0% 

12 

 100% 

 26.09% 

2D - 
Geometry 

1 

 9.09% 
2.17% 

2 

 18.18% 
4.35% 

6 

 54.55% 
13.04% 

0 

 0% 

 0% 

2 

 18.18% 
4.35% 

0 

 0% 

 0% 

11 

 100% 

 23.91% 

2D - Colour 

1 

 9.09% 
2.17% 

4 

 36.36% 
8.7% 

4 

 36.36% 
8.7% 

2 

 18.18% 
4.35% 

0 

 0% 

 0% 

0 

 0% 

 0% 

11 

 100% 

 23.91% 

Sum 5 - 10.87% 8 - 17.39% 20 - 43.48% 9 - 19.57% 4 - 8.7% 0 - 0% 46 - 100% 
*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Question 4 Toycar (UCL Pathology collection) 

 How would you rank this Toycar from the Pathology collection? The object is representing a variety of 

surfaces and colours would you be able to use these 2D/3D images for your condition reporting? Would you 

use the image for research or teaching? 

Any further comments.   

 Levels 

 

 Excellent/ above 
expectation s 

Very good Good Fair Poor Not worth keeping Sum 

3D laser scan 
(Arius3D) - 
Geometry 

0  

0%  

0% 

2 

 12.5% 
2.25% 

1  

6.25% 
1.12% 

7  

43.75% 
7.87% 

4  

25% 

 4.49% 

2  

12.5% 
2.25% 

16 

 100%  

17.98% 

3D laser scan 
(Arius3D) Colour 

0 

 0%  

0% 

2 

 13.33% 
2.25% 

4  

26.67% 
4.49% 

3  

20% 

 3.37% 

4 

 26.67% 
4.49% 

2 

 13.33% 
2.25% 

15 

 100%  

16.85% 

PTM (2.5D)/ relighting - 1 5 4  2 2 1 15 
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Geometry  6.67% 
1.12% 

 33.33% 
5.62% 

26.67% 
4.49% 

 13.33% 
2.25% 

 13.33% 
2.25% 

 6.67% 
1.12% 

 100% 

 16.85% 

PTM (2.5D)/ relighting - 
Colour 

1 

 6.67% 
1.12% 

5 

 33.33% 
5.62% 

3 

 20%  

3.37% 

4 

 26.67% 
4.49% 

2 

 13.33% 
2.25% 

0 

 0% 

 0% 

15 

 100%  

16.85% 

2D -Geometry 1 

 7.14% 
1.12% 

3 

 21.43% 
3.37% 

7 

 50% 7.87% 

2 

 14.29% 
2.25% 

0 

 0% 

 0% 

1 

 7.14% 
1.12% 

14 

 100%  

15.73% 

2D - Colour 

2 

 14.29% 
2.25% 

4 

 28.57% 
4.49% 

4 

 28.57% 
4.49% 

4 

 28.57% 
4.49% 

0 

 0% 

 0% 

0 

 0% 

 0% 

14 

 100%  

15.73% 

Sum 5 - 5.62% 21 - 23.6% 23 - 25.84% 22 - 24.72% 12 - 13.48% 6 - 6.74% 89 - 100% 
*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Question 5 Obsidian 122 (UCL Institute of Archaeology) 

 3D image quality evaluation: Obsidian 122 Institute of Archaeology. The object is particularly challenging 

since it is black and shiny. Do the images represent the object? Can they be used for research/ condition 

reporting? How useful are these 3D representations for description / identification. What about use for 

teaching?    

 Levels 

 

 Excellent/ 

above 
expectation s 

Very good Good Fair Poor 
Not worth 

keeping 
Sum 

3D laser scan 
(Arius3D) - 
Geometry 

0  

0%  

0% 

0  

0%  

0% 

0  

0%  

0% 

1 

 7.14% 
1.08% 

3 

 21.43% 
3.23% 

10 

 71.43% 
10.75% 

14 

 100% 

 15.05% 

3D laser scan 
(Arius3D) Colour 

0 

 0% 

 0% 

0 

 0% 

 0% 

0 

 0% 

 0% 

0 

 0% 

 0% 

5 

 41.67% 
5.38% 

7 

 58.33% 
7.53% 

12 

 100% 

 12.9% 

Photogrammetry 

Geometry 
0 

 0% 

 0% 

1 

 7.14% 
1.08% 

0 

 0%  

0% 

0 

 0% 

0% 

3 

 21.43% 
3.23% 

10 

 71.43% 
10.75% 

14 

 100%  

15.05% 

Photogrammetry - 
Colour 

0 

 0% 

 0% 

0 

 0% 

 0% 

0 

 0%  

0% 

0 

 0%  

0% 

4 

 33.33% 
4.3% 

8 

 66.67% 
8.6% 

12 

 100%  

12.9% 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Appendices 

Page 359 

D200: PTM 
(2.5D)/ relighting - 
Geometry 

0  

0%  

0% 

2 

 50%  

2.15% 

0 

 0% 

 0% 

0 

 0%  

0% 

1 

 25%  

1.08% 

1 

 25% 

 1.08% 

4 

 100%  

4.3% 

D200: PTM 
(2.5D)/ relighting - 
Colour 

0 

 0% 

 0% 

2 

 50% 

 2.15% 

0 

 0%  

0% 

0 

 0%  

0% 

1  

25%  

1.08% 

1 

 25% 

 1.08% 

4 

 100%  

4.3% 

D3200: PTM 
(2.5D)/ relighting - 
Geometry 

0 

 0%  

0% 

4 

 33.33% 
4.3% 

3 

 25%  

3.23% 

3 

 25% 

 3.23% 

1 

 8.33% 
1.08% 

1  

8.33% 
1.08% 

12 

 100% 

 12.9% 

D3200: PTM 
(2.5D)/ relighting - 
Colour 

0 0% 0% 
6 54.55% 
6.45% 

2 18.18% 
2.15% 

1 9.09% 
1.08% 

1 9.09% 
1.08% 

1 9.09% 
1.08% 

11 100% 

11.83% 

2D - 
Geometry 

0 0% 0% 
2 40% 

2.15% 
1 20% 

1.08% 
2 40% 

2.15% 
0 0% 0% 0 0% 0% 

5 100% 5.38% 

2D - Colour 0 0% 0% 
2 40% 

2.15% 
1 20% 

1.08% 
1 20% 

1.08% 
1 20% 

1.08% 
0 0% 0% 

5 100% 5.38% 

Sum 0 - 0% 19 - 20.43% 7 - 7.53% 8 - 8.6% 20 - 21.51% 39 - 41.94% 93 - 100% 

*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Question 6 Obsidian 129 (UCL Institute of Archaeology) 

 3D image quality evaluation: Obsidian 129 Institute of Archaeology. The object is particularly challenging 

since it is black and shiny. Can they be used for research/ condition reporting? Can it be used for research? 

How useful are these 3D representations for description/ identification. What about use for teaching?    

 Levels 

 

 Excellent/ above 
expectation s Very good Good Fair Poor Not worth keeping Sum 

3D laser scan  
(Arius3D) - 
Geometry 

0  

0% 

0% 

0 

 0% 

 0% 

0 

 0% 

 0% 

0 

 0% 

 0% 

1 

 16.67% 
2.13% 

5 

 83.33% 
10.64% 

6 

 100% 
12.77% 

3D laser scan 
(Arius3D) Colour 

0  

0%  

0% 

0 

 0% 

 0% 

0 

 0% 

 0% 

0 

 0%  

0% 

1 

 20% 2.13% 

4 

 80%  

8.51% 

5 

 100% 
10.64% 
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Photogrammetry Geometry 0 

 0% 

 0% 

0 

 0% 

 0% 

0 

 0% 

 0% 

0 

 0%  

0% 

1 

 16.67% 
2.13% 

5 

 83.33% 
10.64% 

6 

 100% 
12.77% 

Photogrammetry - 
Colour 

0  

0% 

0% 

0  

0% 

0% 

0  

0% 

0% 

0  

0% 

0% 

1 

 20% 2.13% 

4 

 80% 

 8.51% 

5 

 100% 
10.64% 

D200: PTM 
(2.5D)/ relighting - 
Geometry 

0  

0% 

0% 

0  

0% 

0% 

0  

0% 

0% 

1 

 33.33% 
2.13% 

0  

0% 

0% 

2 

 66.67% 
4.26% 

3 

 100% 

 6.38% 

D200: PTM 
(2.5D)/ relighting - 
Colour 

0  

0% 

0% 

1 

 33.33% 
2.13% 

1 

 33.33% 
2.13% 

0  

0% 

0% 

0  

0% 

0% 

1 

 33.33% 
2.13% 

3 

 100% 

 6.38% 

D3200: PTM 
(2.5D)/ relighting - 
Geometry 

0  

0% 

0% 

3 

 60%  

6.38% 

1 

 20%  

2.13% 

0  

0% 

0% 

0  

0% 

0% 

1 

 20%  

2.13% 

5 

 100% 
10.64% 

D3200: PTM 
(2.5D)/ relighting - 
Colour 

0  

0% 

0% 

2 

 50% 

 4.26% 

0  

0% 

0% 

0  

0% 

0% 

1 

 25% 2.13% 

1 

 25%  

2.13% 

4 

 100% 

 8.51% 

2D - 
Geometry 

0  

0% 

0% 

2 

 40% 

 4.26% 

1 

 20% 

 2.13% 

2 

 40% 

 4.26% 

0  

0% 

0% 

0  

0% 

0% 

5 

 100% 
10.64% 

2D - Colour 

0  

0% 

0% 

1 

 20% 

 2.13% 

1 

 20% 

 2.13% 

2 

 40% 

 4.26% 

1 

 20% 

 2.13% 

0  

0% 

0% 

5 100% 
10.64% 

Sum 0 - 0% 9 - 19.15% 4 - 8.51% 5 - 10.64% 6 - 12.77% 23 - 48.94% 47 - 100% 

*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Question 7 Sherborne Abbey Painting Fragment (Courtauld Institute of Art) 

Painting Fragment of Sherborne Abbey (Courtauld Institute of Art): more information below. Which of the 

images is giving the best representation of the object for use in condition reporting and to answer conservation 

questions? Please consider the colour and geometry of the object. How well can the materials be recognized 

on the digital image? Could the digital images be used for teaching? If so which ones?   

 Levels 
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 Excellent/ 

above 
expectation s 

Very good Good Fair Poor 
Not worth 

keeping 
Sum 

3D laser scan 
(Arius3D) - 
Geometry 

0 0% 0% 
2 11.76% 
1.09% 

10 58.82% 
5.46% 

4 23.53% 
2.19% 

1 5.88% 
0.55% 

0 0% 0% 
17 100% 

9.29% 

3D laser scan 
(Arius3D) Colour 0 0% 0% 

2 11.76% 
1.09% 

5 29.41% 
2.73% 

10 58.82% 
5.46% 

0 0% 0% 0 0% 0% 
17 100% 

9.29% 

Polygon Model (from  

pointcloud Arius3D) Geometry 
0 0% 0% 

3 18.75% 
1.64% 

5 31.25% 
2.73% 

5 31.25% 
2.73% 

3 18.75% 
1.64% 

0 0% 0% 
16 100% 

8.74% 

Polygon Model (from pointcloud 
Arius3D) Colour 

0 0% 0% 
4 25% 

2.19% 
4 25% 

2.19% 
7 43.75% 
3.83% 

1 6.25% 
0.55% 

0 0% 0% 
16 100% 

8.74% 

Photogrammetry Geometry 
0 0% 0% 0 0% 0% 

1 7.14% 
0.55% 

2 14.29% 
1.09% 

5 35.71% 
2.73% 

6 42.86% 
3.28% 

14 100% 
7.65% 

Photogrammetry -Colour 
0 0% 0% 0 0% 0% 

1 7.14% 
0.55% 

8 57.14% 
4.37% 

2 14.29% 
1.09% 

3 21.43% 
1.64% 

14 100% 

7.65% 

Polygon Model (from PicoScan) 

- 
Geometry 

0 0% 0% 
1 5.88% 
0.55% 

3 17.65% 
1.64% 

2 11.76% 
1.09% 

6 35.29% 
3.28% 

5 29.41% 
2.73% 

17 100% 
9.29% 

Polygon Model (from PicoScan) 

Colour 0 0% 0% 
1 5.88% 
0.55% 

4 23.53% 
2.19% 

5 29.41% 
2.73% 

5 29.41% 
2.73% 

2 11.76% 
1.09% 

17 100% 
9.29% 

D200: PTM (2.5D)/ relighting - 
Geometry 3 17.65% 

1.64% 
9 52.94% 
4.92% 

4 23.53% 
2.19% 

1 5.88% 
0.55% 

0 0% 0% 0 0% 0% 
17 100% 
9.29% 

D200: PTM 
(2.5D)/ relighting - 
Colour 

1 5.88% 
0.55% 

5 29.41% 
2.73% 

6 35.29% 
3.28% 

5 29.41% 
2.73% 

0 0% 0% 0 0% 0% 
17 100% 

9.29% 

2D - 
Geometry 

1 9.09% 
0.55% 

2 18.18% 
1.09% 

6 54.55% 
3.28% 

2 18.18% 
1.09% 

0 0% 0% 0 0% 0% 
11 100% 

6.01% 

2D - Colour 2 20% 1.09% 
4 40% 

2.19% 
4 40% 

2.19% 
0 0% 0% 0 0% 0% 0 0% 0% 

10 100% 

5.46% 

Sum 7 - 3.83% 33 - 

18.03% 
53 - 

28.96% 
51 - 

27.87% 
23 - 

12.57% 
16 - 8.74% 183 - 100% 

*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Question 8 Painting Fragment from Knidos (Courtauld Institute of Art) 

Painting Fragment of Knidos (Courtauld Institute of Art): more information see below. Which of the images 

is giving the best representation of the object for use in condition reporting and to answer conservation 

questions? Please consider the colour and geometry of the object. How well can the materials be recognized 

on the digital image? Could the digital images be used for teaching? If so which ones?   

 Levels 
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 Excellent/ 

above 
expectation s 

Very good Good Fair Poor 
Not worth 

keeping 
Sum 

3D laser scan 
(Arius3D) - 
Geometry 

0 0% 0% 
1 20% 

2.13% 
1 20% 

2.13% 
1 20% 

2.13% 
2 40% 

4.26% 
0 0% 0% 

5 100% 
10.64% 

3D laser scan 
(Arius3D) Colour 0 0% 0% 

1 16.67% 
2.13% 

1 16.67% 
2.13% 

2 33.33% 
4.26% 

2 33.33% 
4.26% 

0 0% 0% 
6 100% 
12.77% 

Polygon Model (from pointcloud 

Arius3D) Geometry 
0 0% 0% 0 0% 0% 0 0% 0% 

2 40% 
4.26% 

2 40% 
4.26% 

1 20% 2.13% 
5 100% 
10.64% 

Polygon Model (from pointcloud 
Arius3D) Colour 

0 0% 0% 0 0% 0% 0 0% 0% 
3 60% 

6.38% 
2 40% 

4.26% 
0 0% 0% 

5 100% 
10.64% 

Photogrammetry Geometry 
0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 2 100% 4.26% 

2 100% 

4.26% 

Photogrammetry - Colour 
0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 2 100% 4.26% 

2 100% 

4.26% 

Polygon Model (from PicoScan) - 
Geometry 0 0% 0% 0 0% 0% 0 0% 0% 

1 20% 
2.13% 

3 60% 
6.38% 

1 20% 2.13% 
5 100% 
10.64% 

Polygon Model (from PicoScan) 

Colour 0 0% 0% 0 0% 0% 0 0% 0% 
1 20% 

2.13% 
3 60% 

6.38% 
1 20% 2.13% 

5 100% 
10.64% 

D200: PTM (2.5D)/ relighting - 
Geometry 1 20% 2.13% 

2 40% 
4.26% 

2 40% 
4.26% 

0 0% 0% 0 0% 0% 0 0% 0% 
5 100% 
10.64% 

D200: PTM  (2.5D)/ relighting - 
Colour 1 20% 2.13% 

2 40% 
4.26% 

2 40% 
4.26% 

0 0% 0% 0 0% 0% 0 0% 0% 
5 100% 
10.64% 
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2D - Geometry 
0 0% 0% 

1 100% 

2.13% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 
1 100% 

2.13% 

2D - Colour 0 0% 0% 
1 100% 
2.13% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 

1 100% 
2.13% 

Sum 2 - 4.26% 8 - 17.02% 6 - 12.77% 10 - 

21.28% 
14 - 

29.79% 
7 - 14.89% 47 - 100% 

*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Question 9 Kaiser Bill coin (owned by Sally MacDonald) 

Kaiser Bill coin - Task : decipher reading/ research. Please have a look at this finely engraved  coin . How 

useful are the 3D representations of this to decipher the reading in comparison with the real object? Could you 

use any of the digital images for condition reporting? Can you read the inscription? Which tools would you 

usually use to read the inscription? How would you rate the digital representation of this coin? Is this a 'failure 

case' ? Or do the digital images give you more information than you can see with the naked eye? (If time is 

tight please skip)    

 Levels 

 

 Excellent/ 

above 
expectation s 

Very 

good 
Good Fair Poor 

Not worth 

keeping 
Sum 

3D laser scan 
(Arius3D) - 
Geometry 

0 0% 0% 0 0% 0% 0 0% 0% 
0 0% 
0% 

0 0% 
0% 

1 100% 12.5% 
1 100% 
12.5% 

3D laser scan 
(Arius3D) Colour 0 0% 0% 0 0% 0% 0 0% 0% 

0 0% 
0% 

0 0% 
0% 

1 100% 12.5% 
1 100% 
12.5% 

Photogrammetry 
(structure projection) - 
Geometry 

0 0% 0% 0 0% 0% 0 0% 0% 
0 0% 

0% 
0 0% 

0% 
1 100% 12.5% 

1 100% 

12.5% 

Photogrammetry 
(structure projection) - 
Colour (n/a) 

0 0% 0% 0 0% 0% 0 0% 0% 
0 0% 
0% 

0 0% 
0% 

1 100% 12.5% 
1 100% 
12.5% 

D200: PTM (2.5D)/ relighting 

- 
Geometry 

0 0% 0% 0 0% 0% 0 0% 0% 
0 0% 
0% 

0 0% 
0% 

1 100% 12.5% 
1 100% 
12.5% 
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D200: PTM (2.5D)/ relighting 

- 
Colour 

1 100% 12.5% 0 0% 0% 0 0% 0% 
0 0% 

0% 
0 0% 

0% 
0 0% 0% 

1 100% 

12.5% 

D3200: PTM (2.5D)/ 

relighting - 
Geometry 

0 0% 0% 0 0% 0% 0 0% 0% 
0 0% 

0% 
0 0% 

0% 
0 0% 0% 0 0% 0% 

D3200: PTM (2.5D)/ 

relighting - 
Colour 

0 0% 0% 0 0% 0% 0 0% 0% 
0 0% 

0% 
0 0% 

0% 
0 0% 0% 0 0% 0% 

2D -Geometry 
0 0% 0% 0 0% 0% 

1 100% 
12.5% 

0 0% 

0% 
0 0% 

0% 
0 0% 0% 

1 100% 
12.5% 

2D - Colour 0 0% 0% 0 0% 0% 
1 100% 

12.5% 
0 0% 

0% 
0 0% 

0% 
0 0% 0% 

1 100% 

12.5% 

Sum 1 - 12.5% 0 - 0% 2 - 25% 0 - 0% 0 - 0% 5 - 62.5% 8 - 100% 

*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Question 10 Portuguese coin (owned by Sally MacDonald) 

Portuguese coin - Task : decipher reading/ research. PPlease have a look at this finely engraved coin.   How 

useful are the 3D representations of this to decipher the reading in comparison with the real object?  Could 

you use any of the digital images for condition reporting? Can you read the inscription? Which tools would 

you usually use to read the inscription? How would you rate the digital representation of this coin? Is this a 

'failure case' ? Or do the digital images give you more information than you can see with the naked eye? (If 

time is tight please skip)    

 Levels 

 

 Excellent/ 

above 
expectation s 

Very good Good Fair Poor 
Not worth 

keeping 
Sum 

3D laser scan 
(Arius3D) -Geometry 0 0% 0% 0 0% 0% 

1 50% 

8.33% 
0 0% 

0% 
0 0% 

0% 
1 50% 8.33% 

2 100% 
16.67% 

3D laser scan (Arius3D) Colour 

0 0% 0% 0 0% 0% 
1 50% 

8.33% 
0 0% 

0% 
0 0% 

0% 
1 50% 8.33% 

2 100% 
16.67% 
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Photogrammetry  

(structure projection) – Geometry 
0 0% 0% 0 0% 0% 0 0% 0% 

0 0% 
0% 

0 0% 
0% 

1 100% 8.33% 
1 100% 
8.33% 

Photogrammetry 
(structure projection) - 
Colour (n/a) 

0 0% 0% 0 0% 0% 0 0% 0% 
0 0% 

0% 
0 0% 

0% 
1 100% 8.33% 

1 100% 

8.33% 

D200: PTM (2.5D)/ relighting - 
Geometry 0 0% 0% 0 0% 0% 

1 100% 

8.33% 
0 0% 

0% 
0 0% 

0% 
0 0% 0% 

1 100% 

8.33% 

D200: PTM (2.5D)/ relighting - 
Colour 0 0% 0% 0 0% 0% 

1 100% 

8.33% 
0 0% 

0% 
0 0% 

0% 
0 0% 0% 

1 100% 

8.33% 

D3200: PTM (2.5D)/ relighting - 

Geometry 0 0% 0% 
1 100% 

8.33% 
0 0% 0% 

0 0% 

0% 
0 0% 

0% 
0 0% 0% 

1 100% 

8.33% 

D3200: PTM (2.5D)/ relighting - 
Colour 0 0% 0% 

1 100% 

8.33% 
0 0% 0% 

0 0% 

0% 
0 0% 

0% 
0 0% 0% 

1 100% 

8.33% 

2D -Geometry 
0 0% 0% 

1 100% 

8.33% 0 0% 0% 
0 0% 

0% 
0 0% 

0% 
0 0% 0% 

1 100% 

8.33% 

2D – Colour 0 0% 0% 
1 100% 

8.33% 0 0% 0% 
0 0% 

0% 
0 0% 

0% 
0 0% 0% 

1 100% 

8.33% 

Sum 0 - 0% 4 - 33.33% 4 - 33.33% 0 - 0% 0 - 0% 4 - 33.33% 12 - 100% 

*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Question 11 Sunday Figures Coin obverse (owned by Sally MacDonald) 

OBVERSE Special coin- Task : decipher reading/ research. Please have a look at this finely engraved coin. 

TASK: Can you read the inscription? Which tools would you usually use to read the inscription? Use any of 

the digital images to help you with this task and identify the best to enable you to read the surface. I will give 

you the solution later. Is this a 'failure case' ? Or do the digital images give you more information than you 

can see with the naked eye? How useful are the 3D representations of this to decipher the reading in 

comparison with the real object? How would you rate the digital representation of this coin? Could you use 

any of the digital images for condition reporting?          

 Levels 
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 Excellent/ 

above 
expectation s 

Very good Good Fair Poor 
Not worth 

keeping 
Sum 

3D laser scan 
(Arius3D) - 
Geometry 

0 0% 0% 0 0% 0% 0 0% 0% 
5 45.45% 
5.1% 

2 
18.18% 
2.04% 

4 36.36% 
4.08% 

11 100% 

11.22% 

3D laser scan 
(Arius3D) Colour 0 0% 0% 0 0% 0% 0 0% 0% 

5 45.45% 
5.1% 

3 

27.27% 
3.06% 

3 27.27% 
3.06% 

11 100% 

11.22% 

Photogrammetry (structure 

projection) –Geometry 
0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 

0 0% 

0% 
9 100% 9.18% 

9 100% 

9.18% 

Photogrammetry (structure 

projection) - Colour (n/a) 
0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 

0 0% 

0% 
9 100% 9.18% 

9 100% 

9.18% 

D200: PTM (2.5D)/ relighting - 
Geometry 2 18.18% 

2.04% 
5 45.45% 
5.1% 

1 9.09% 
1.02% 

2 18.18% 
2.04% 

0 0% 

0% 
1 9.09% 
1.02% 

11 100% 

11.22% 

D200: PTM (2.5D)/ relighting - 
Colour 0 0% 0% 

6 66.67% 
6.12% 

1 11.11% 
1.02% 

2 22.22% 
2.04% 

0 0% 

0% 
0 0% 0% 

9 100% 

9.18% 

D3200: PTM (2.5D)/ relighting - 
Geometry 1 10% 1.02% 

4 40% 

4.08% 
3 30% 

3.06% 
1 10% 

1.02% 
0 0% 

0% 
1 10% 1.02% 

10 100% 

10.2% 

D3200: PTM (2.5D)/ relighting - 
Colour 2 20% 2.04% 

2 20% 

2.04% 
4 40% 

4.08% 
1 10% 

1.02% 
0 0% 

0% 
1 10% 1.02% 

10 100% 

10.2% 

2D - Geometry 
0 0% 0% 0 0% 0% 

3 33.33% 
3.06% 

4 44.44% 
4.08% 

1 

11.11% 
1.02% 

1 11.11% 
1.02% 

9 100% 

9.18% 

2D - Colour 0 0% 0% 
1 11.11% 
1.02% 

2 22.22% 
2.04% 

6 66.67% 
6.12% 

0 0% 

0% 
0 0% 0% 

9 100% 
9.18% 

Sum 5 - 5.1% 18 - 
18.37% 

14 - 
14.29% 

26 - 
26.53% 

6 - 
6.12% 

29 - 29.59% 98 - 100% 

*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Question 12 Sunday Figures Coin reverse (owned by Sally MacDonald) 

REVERSE Special coin- Task: decipher reading/ research. Please have a look at this finely engraved coin. 

TASK: Can you read the inscription? Which tools would you usually use to read the inscription? Use any of 

the digital images to help you with this task and identify the best to enable you to read the surface. Is this a 

'failure case’? Or do the digital images give you more information than you can see with the naked eye? How 

useful are the 3D representations of this to decipher the reading in comparison with the real object? How 

would you rate the digital representation of this coin? Could you use any of the digital images for condition 

reporting?       
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 Excellent/ 

above 
expectation s 

Very 

good 
Good Fair Poor 

Not worth 

keeping 
Sum 

3D laser scan (Arius3D) - Geometry 

0 0% 0% 0 0% 0% 
1 14.29% 
1.61% 

3 42.86% 
4.84% 

2 28.57% 
3.23% 

1 14.29% 
1.61% 

7 100% 
11.29% 

3D laser scan (Arius3D) Colour 

0 0% 0% 0 0% 0% 
1 14.29% 
1.61% 

4 57.14% 
6.45% 

1 14.29% 
1.61% 

1 14.29% 
1.61% 

7 100% 
11.29% 

Photogrammetry (structure 

projection) - Geometry 
0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 

1 20% 

1.61% 
4 80% 6.45% 

5 100% 

8.06% 

Photogrammetry (structure 

projection) - Colour (n/a) 
0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 

1 20% 

1.61% 
4 80% 6.45% 

5 100% 

8.06% 

D200: PTM (2.5D)/ relighting - 
Geometry 1 14.29% 

1.61% 
3 42.86% 
4.84% 

2 28.57% 
3.23% 

0 0% 0% 0 0% 0% 
1 14.29% 
1.61% 

7 100% 
11.29% 

D200: PTM (2.5D)/ relighting -  
Colour 1 14.29% 

1.61% 
3 42.86% 
4.84% 

3 42.86% 
4.84% 

0 0% 0% 0 0% 0% 0 0% 0% 
7 100% 
11.29% 

D3200: PTM (2.5D)/ relighting - 
Geometry 2 28.57% 

3.23% 
1 14.29% 
1.61% 

2 28.57% 
3.23% 

1 14.29% 
1.61% 

0 0% 0% 
1 14.29% 
1.61% 

7 100% 
11.29% 

D3200: PTM (2.5D)/ relighting - 
Colour 1 14.29% 

1.61% 
4 57.14% 
6.45% 

1 14.29% 
1.61% 

1 14.29% 
1.61% 

0 0% 0% 0 0% 0% 
7 100% 
11.29% 

2D -Geometry 
0 0% 0% 0 0% 0% 

1 20% 

1.61% 
1 20% 

1.61% 
2 40% 

3.23% 
1 20% 1.61% 

5 100% 
8.06% 

2D - Colour 0 0% 0% 0 0% 0% 
2 40% 
3.23% 

2 40% 
3.23% 

1 20% 
1.61% 

0 0% 0% 
5 100% 

8.06% 

Sum 5 - 8.06% 11 - 
17.74% 

13 - 
20.97% 

12 - 
19.35% 

8 - 12.9% 13 - 20.97% 62 - 100% 

*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Appendices 

Page 368 

Question 13 3D evaluation. Which issues or quality indicators would you rank 

in importance. 

 Levels 

 
 

 

 
Extremely 

important 

Significantly 

more 

important 

Very 

important 

Slightly 

more 

important 

Less 

important 
Not 

important 
Not 

applicable 
Sum 

Formal analysis 1 5.26% 
0.57% 

3 15.79% 
1.71% 

2 10.53% 
1.14% 

5 26.32% 
2.86% 

1 5.26% 
0.57% 

0 0% 0% 
7 36.84% 
4% 

19 100% 

10.86% 

Material/ material 

properties 
8 42.11% 
4.57% 

3 15.79% 
1.71% 

3 15.79% 
1.71% 

2 10.53% 
1.14% 

0 0% 0% 
1 5.26% 
0.57% 

2 10.53% 
1.14% 

19 100% 

10.86% 

Correct colour 5 25% 

2.86% 
4 20% 2.29% 

8 40% 

4.57% 
0 0% 0% 

3 15% 

1.71% 
0 0% 0% 0 0% 0% 

20 100% 
11.43% 

Correct gloss 
(shininess/dullness 3 15.79% 

1.71% 
3 15.79% 
1.71% 

11 57.89% 
6.29% 

0 0% 0% 
1 5.26% 
0.57% 

1 5.26% 
0.57% 

0 0% 0% 
19 100% 
10.86% 

Correct measurements 

possible 
8 42.11% 
4.57% 

4 21.05% 
2.29% 

5 26.32% 
2.86% 

0 0% 0% 0 0% 0% 
1 5.26% 
0.57% 

1 5.26% 
0.57% 

19 100% 

10.86% 

Correct overall 

geometry, metric 

accuracy (surface, 

volume) 
13 65% 
7.43% 

2 10% 1.14% 
3 15% 
1.71% 

0 0% 0% 
2 10% 
1.14% 

0 0% 0% 0 0% 0% 
20 100% 
11.43% 

Surface structure/ 

surface features 10 50% 
5.71% 

4 20% 2.29% 
4 20% 
2.29% 

1 5% 0.57% 0 0% 0% 0 0% 0% 
1 5% 
0.57% 

20 100% 
11.43% 
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Manufacture (if 

manmade) or growth (if 

biological) 
3 15% 
1.71% 

4 20% 2.29% 
5 25% 
2.86% 

4 20% 
2.29% 

2 10% 
1.14% 

0 0% 0% 
2 10% 
1.14% 

20 100% 
11.43% 

Option for profile 

generation or cross-

sections 
3 16.67% 
1.71% 

3 16.67% 
1.71% 

5 27.78% 
2.86% 

1 5.56% 
0.57% 

3 16.67% 
1.71% 

1 5.56% 
0.57% 

2 11.11% 
1.14% 

18 100% 

10.29% 

10 0 0% 0% 
1 100% 0.57% 

0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 0 0% 0% 
1 100% 

0.57% 

Sum 54 - 30.86% 31 - 17.71% 46 - 
26.29% 

13 - 7.43% 12 - 6.86% 4 - 2.29% 15 - 8.57% 175 - 
100% 

*Sequence of numbers in a cell 
Absolute frequency 
Relative frequency row 
Relative frequency 
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 Graphic of survey results 

 

Figure 9.1 Participants workplace and specialisms of the user survey.  Red: results face-to-face survey, blue: 

results online survey (extended list of criteria). Numbers of responses per choice. 
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Figure 9.2 Motivation of heritage professionals for 3D imaging 

 

Figure 9.3 Criteria for planning and workflow before the 3D imaging project, combined values, 100% 

stacked. 
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Figure 9.4 Criteria for planning and workflow and 3D image quality during the 3D imaging activity, 

combined values for online survey and face-to-face interview. 

 
Figure 9.5 Criteria for planning and workflow and 3D image quality after the 3D imaging activity, combined 

values for online survey and face-to-face interview. 
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 Further information on Sunday Figures coin  

 

Figure 9.6 A Sunday Figures Coin from 1791.  Dated 1791 AD. A calendar for the year, signed James 

Davies, Birmingham. Obv: calendar, with Holy Days. Rev: table of moon phases and quarter days. Mitchiner 

5966. 15.25 grams. (www.timelineauctions.com)  
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9.3 Metric quantitative evaluation 

 Systems under Test (SUT) 

The classification for SUTs used in this research can be accessed in Section 4.5. In Chapter 4, the discussion of SUTs is anonymized. Systems’ owners can be 

verified in the list below. Only the SUTs marked in green have been used for the evaluation in this research.  

The terms used by the manufacturer might differ per technology. For this evaluation, the interest is on point-spacing/line-spacing, accuracy (standard deviation) 

for analysis of form recording (geometry) and texture resolution for spatial resolution analysis.  

Nr. Make and version 

name 

Referred to as Further comments / 

Owner / location 

Operator Manufacturer specifications (website or product 

info), comment on use of data in this research [µm = 

microns] 

Evaluation 

including 

3D 

Geometry 

tests 

Evaluation 

Sphere 

measurements 

Evaluation 

tests 2D: 

Spatial 

Resolution 

SUT1 Arius3D Foundation 

model 150, Arius3D 

(now Arius 
Technology) 

High-resolution 

3D colour laser 
scanning 

UCL CEGE   Mona Hess, 

UCL CEGE 
(author) 

Point Spacing on Scan Line: 0.1mm (100µm/~250dpi), 

System RMS Error: 6-10µm, Range Measurement 

Resolution [accuracy]: 25µm, Colour Resolution: 24 bits 

per point. Scan Width: ~50mm, Scan Line Frequency: 

3.25Hz. Standoff to Centre of DOF: 130 mm. Laser 

wavelengths: 445/532/638 nm. mm 

YES YES YES / 

extract from 
3D image 

SUT2 Arius3D Rover (Arius 
Technology) 

High-resolution 

3D colour laser 

scanning, mobile 
version 

Petrie Museum, Arius 

Technologies (now de-
commissioned) 

Mona Hess, 

UCL CEGE 
(author) 

Same specifications as SUT1 apart from laser 

wavelengths: 473/532/638 nm. Dataset of geometric 

plate not completely recorded due to smaller Field of 

View and radial movement of scan head around a central 

axis. 

YES YES YES / 

extract from 
3D image 

SUT3 Zephyr II (KZ-25) by 
Kreon,  Baces 3D Arm 

3D Handheld 

triangulation 

scanning, Arm-
based CMM 

Company owned: 

EMS Liege, metrology 
company 

EMS staff, 

professional 
metrologist 

Accuracy of scan head. 0.015mm (15µm). Speed: up to 

500 Hz. Or in (points/second) 30000. Scan Width / laser 

line length: 25mm, Calibration certificate: standard 
deviation = 0.014mm 

YES YES NO 
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Nr. Make and version 

name 

Referred to as Further comments / 

Owner / location 

Operator Manufacturer specifications (website or product 

info), comment on use of data in this research [µm = 

microns] 

Evaluation 

including 

3D 

Geometry 

tests 

Evaluation 

Sphere 

measurements 

Evaluation 

tests 2D: 

Spatial 

Resolution 

SUT4 Nikon K-CMM with 

Krypton mobile CMM 

3D Handheld 

triangulation 

scanning 2, mobile 
CMM 

UCL CEGE Mona Hess, 

UCL CEGE 
(author) 

The width/depth of field: 50mm, accuracy (best fit 

sphere): 0.015mm (15 microns) RMS, stand-off (distance 

to the object) of ~100mm; output ~19,200 points / 
second.  

YES YES NO 

SUT5 Creaform with no 
colour 

Handheld 

triangulation 

scanner, self-
orientation 

Company owned: 

EMS Liege, metrology 

company 

EMS staff Excluded from evaluation as other representative laser 

line systems were analysed in this research., Z-axis 

resolution of 0.004 in (0.1 mm); accuracy to 80 µm; and 
18,000 measures per second. 

YES   NO  NO 

SUT6 Creaform with colour Handheld 

triangulation 

scanner, self-

orientation, colour 

Company owned: 

EMS Liege, metrology 
company 

EMS staff Excluded from evaluation as other representative laser 
line systems were analysed in this research. 

NO NO YES / 

extract from 
3D image  

SUT7 Nextengine Tabletop 

Triangulation 
Scanner 

Agora3D RBINS Mona Hess, 

UCL CEGE 
(author) 

Scanstudio HD (not Pro Version). Camera resolution 

3MPixel. Texture resolution: 3D point density on target 

surface is 400 DPI in Macro Mode and 150 DPI in Wide 

Mode. Dimensional Accuracy: ±0.005" (+/-0.125mm) in 

Macro Mode or HighResolution (SUT7a) and ±0.015" 

(+/-0.38mm) in Wide Mode or medium resolution 
(SUT7b).  

YES YES YES (image 

from inbuilt 

camera as 

jpg, and 

extract from 
3D) 

SUT8 Mephisto EOS  

 

3D Fringe 

projection scanner, 

high-resolution no 
colour 

Company owned: 4D 
Dynamics, Antwerp 

Company staff Only the 3D geometry plate was scanned. Due to a 

calibration error the data was out of scale and was 

therefore not analysed.  

YES NO YES   

 SUT9 Mephisto EX pro  

 

3D Fringe 

projection scanner, 

low-resolution and 
colour 

Company owned: 4D 
Dynamics, Antwerp 

Company staff Only the 2D patterned target plate was scanned. YES YES NO 

SUT10 Asus Xtion / 
ReconstructMe 

3D low-cost 

infrared sensor 1 / 
software 

UCL CEGE Mona Hess, 

UCL CEGE 
(author) 

Not used as SUT11 is comparable in quality. YES YES YES (from 
obj texture) 

SUT11 Carmine sensor with 

software Gotcha 

3D low-cost 

infrared sensor 

Agora3D / RBINS Mona Hess, 

UCL CEGE 
(author) 

3D consumer grade low-cost infrared sensor and 

software 

YES YES YES (object 

texture from 
3D) 
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Nr. Make and version 

name 

Referred to as Further comments / 

Owner / location 

Operator Manufacturer specifications (website or product 

info), comment on use of data in this research [µm = 

microns] 

Evaluation 

including 

3D 

Geometry 

tests 

Evaluation 

Sphere 

measurements 

Evaluation 

tests 2D: 

Spatial 

Resolution 

SUT12 Agisoft  3D Structure from 

Motion.  

Agora3D / RBINS Agora3D 

project staff / 
RBINS 

Canon 600D and a Canon MP-E 65 mm f/2.8 1-5x 

Macro besides [f11, ½ sec] EF 50 mm f/2.8 lens 

YES NO YES (2D 

image and 

extraction 

from 3D 
model) 

SUT13 INDS / VMS Multi View Stereo 

/ Photogrammetry 

UCL CEGE, 

(3DIMPact), Ali 

Hosseininaveh / Stuart 
Robson 

UCL CEGE, 

Ali 
Hosseininaveh 

 YES YES YES  (2D 

image and 

extraction 

from 3D 
model) 

SUT14 Minidome at KU 

Leuven  

Photometric 

Stereo from 
imaging dome 

KU Leuven , 

University 

KU Leuven 

staff 

Screenshots were demonstrated, but no 3D data was 

obtained for analysis.  

YES NO YES (2D 

image?) 

SUT15 PTM Dome 2.5D /RTI - 

Polynomial 
Texture Mapping   

UCL CEGE 

(3DIMPact) , Lindsay 
MacDonald 

Lindsay 

MacDonald, 

Mona Hess, 

UCL CEGE   

Test object was not imaged with the dome, but several 

test objects for Qualitative testing. (Chapter 3 and case 

studies) using a Nikon D200 and D3200 camera with 

200mm macro lens. Resolving power up to 6 microns/ 
pixel with the 200mm lens. 

Possible Not applicable YES (2D 

image) but 

not 

applicable 

SUT16 Nikon D3200 2D / Photography  UCL CEGE Mona Hess, 
UCL CEGE 

Image sensor: 23.2 x 15.4mm CMOS sensor, Total 
pixels 24.7 million. (imaging. Nikon.com),  

Images were used for photography of case study objects.  

NO NO YES (2D 
image) 
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 Student’s t-distribution 

Hypothesis test using Student’s t-distribution is used in Section 4.9.3. 

 

Figure 9.7 Student’s t-distribution table used for hypothesis test. 

 Evaluation of alignment quality 

The procedure to establish the alignment error is described in Section 4.7.1. 

 x-axis y-axis z-axis 

RMS SUT3 (metrology handheld scanner) 0.027 0.040 0.096 

RMS SUT4 (metrology hand held scanner) 0.110 0.088 0.090 

RMS SUT7 at high resolution (medium cost laser 

scanner) 0.048 0.086 0.404 

RMS SUT7 at medium resolution (medium cost laser 

scanner)  0.204 0.363 0.432 

RMS SUT11 (consumer grade 3D sensor) 1.119 1.321 0.570 

RMS SUT12 (Structure from Motion) 0.615 0.873 0.433 

RMS SUT13 (Multi-View Stereo/Photogrammetry) 0.321 0.400 0.163 
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 Sphere diameter error 

The evaluation procedure for testing the sphere diameter error is described in Section 4.8.3. 

 

Figure 9.8 Results Sphere spacing error of all systems, including sphere coverage. 

 

 

Reference 

diameter dr in 

[mm]

Sphere name on 

test object

SUT1 - laser 

triangulation

SUT 3 

(metrology 

handheld 

scanner)

SUT 4 (hand 

held line based 

laser 

triangulation 

scanner)

SUT 7a high 

(medium cost 

laser scanner)

SUT 7b 

medium 

resolution 

SUT 11 (low 

cost 3D 

scanning)

RMS SUT 12 (Structure 

from Motion)

 SUT 13 (Multi-

View 

Stereo/Photogram

metry)

19.995 Sphere A -0.021 0.032 -0.087 0.047 0.255

n/a Constrained 

radius fit -4.101 -0.011

19.995 Sphere B -0.017 -0.001 -0.192 0.041 0.276

n/a Constrained 

radius fit -4.062 -0.104

19.996 Sphere C -0.019 0.020 -0.218 0.033 0.214

n/a Constrained 

radius fit -4.193 -0.157

19.996 Sphere D -0.026 0.024 -0.172 0.044 0.254

n/a Constrained 

radius fit -4.287 -0.280

19.995 Sphere E -0.018 0.025 -0.101 0.042 0.186

n/a Constrained 

radius fit -4.445 -0.375

19.996 Sphere F -0.045 0.038 -0.162 0.110 0.167

n/a Constrained 

radius fit -4.445 -0.277

average number of 

points used for 

sphere fit 25322 130923 2262 10022 0 213 108722 11455

mean/ media -0.020 0.024 -0.167 0.043 0.234 n/a  n/a  -0.217

standard deviation 0.011 0.013 0.051 0.028 0.043 n/a  n/a  0.134

max (if underlined 

Reported as Ed) -0.017 0.038 -0.087 0.110 0.276 n/a  n/a  -0.011

min (if underlined 

Reported as Ed) -0.045 -0.001 -0.218 0.033 0.167 n/a  n/a  -0.375

Sigma (average) 0.014 0.048 0.141 0.034 0.000 0.228 2.282 0.223

percentage deviation 

from reference 

diameter 0.054% 0.066% 0.257% 0.142% 0.216% 0.670%

Number of 

points used for 

sphere fit 25322 130923 2262 10022 213 108722 11455

Sigma Average 0.014 0.048 0.141 0.034 0.228 2.282 0.223

Sphere A 

(representing 

Spheres B-F) 40% 80-90%
around with holes 

50% 30-35% 25% 10%
fully covered but very fuzzy, no 

appropriate fit possible#

75% , but with lots of 

noise, deselection for 

fitting
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 Bidirectional plane-spacing error 

The evaluation procedure for testing the bidirectional plane-spacing error is described in Section 4.9.2. 

 

Table 9.1 Bidirectional Plane-spacing error using Length Bars  

  

SUT 1 SUT 3 SUT 4

SUT 7a - from 

aligned records 

SUT 7b (medium 

res), data from 

aligned records SUT 11

SUT 12 

(multiple 

view system)

SUT 13 

(multiple 

view 

system)

Length bar 1

 [74.94 mm] 74.34 74.89 74.87 75.62 75.76 not possible 74.87 75.11

Length bar 2 

[149.87 mm] 149.73 149.71 149.87 150.49 150.80 149.66 149.56 150.13

74.940 0.60 0.05 0.07 -0.68 -0.82 n/a 0.07 -0.17

149.870 0.14 0.16 0.00 -0.62 -0.93 0.21 0.31 -0.26

Length bar 1

 [74.94 mm] mean 0.32 0.10 0.03 -0.65 -0.88 n/a 0.19 -0.22
Length bar 2 

[149.87 mm]

standard 

deviation 0.32 0.08 0.05 0.04 0.08 n/a 0.17 0.07

Length bar 1

 [74.94 mm] 

Deviation in % 

of Total 0.799% 0.066% 0.095% -0.902% -1.094% n/a 0.094% -0.222%

Length bar 2 

[149.87 mm]

Deviation in % 

of Total 0.096% 0.105% -0.002% -0.415% -0.621% 0.137% 0.207% -0.176%
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 Sphere spacing error 

The sphere spacing evaluation is described in Section 4.9.1. 

 

Table 9.2 Sphere Spacing Error of all SUTs [mm] 

 

 

 

Length to be measured / 

Certified Sphere distance

Reference 

value - SUT 

1 SUT 3 SUT 4

SUT 7a (high 

resolution)

SUT 7b (medium 

resolution) SUT 11 SUT 12 SUT 13

C-D (79.9 mm) 79.95 0.03 -0.06 0.08 0.18 0.13 0.14 0.17

A -B (106.96mm) 106.98 0.01 -0.01 -0.01 0.15 -1.12 0.32 0.27

B-C (125.03mm) 125.03 0.01 0.00 0.07 0.23 -0.23 -0.13 0.18

D-E (143.31mm) 143.30 -0.02 -0.02 -0.04 0.18 -1.26 1.19 0.36

F-A (160.02mm) 160.22 -0.03 -0.14 -0.05 0.19 -1.66 0.13 0.31

E-F (190.02mm) 192.10 -0.01 0.07 -0.15 0.09 -1.07 0.60 0.31

A-E diagonal (250.16mm) 250.20 0.04 0.02 -0.02 0.37 -0.92 0.85 0.51

C-F diagonal (309.03mm) 309.15 -0.04 -0.06 -0.07 0.32 -2.55 0.65 0.58

mean/ 

media 0.01 -0.02 0.03 0.18 -0.67 0.23 0.22

standard 

deviation 0.02 0.03 0.06 0.03 0.68 0.57 0.09

max 0.03 0.00 0.08 0.23 0.13 1.19 0.36

min -0.02 -0.06 -0.04 0.15 -1.26 -0.13 0.17

RMS 0.02 0.03 0.07 0.18 0.95 0.62 0.24
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 Unidirectional plane-spacing error  

The unidirectional plane-spacing error is conducted in Section 4.9.3. 

 

Table 9.3 Unidirectional Plane-spacing Error , all SUTs. 

 

  

CNC milling 

Step height in 

[mm] Step name

Mechanical 

digital 

callipers

SUT 1  (real 

measurements against 

CNC before etching) SUT 3 SUT 4

SUT 7a 

(high res)

SUT 7b 

(medium 

res) SUT 11 SUT 12 SUT 13

Block 1 0.00 Step 16 n/a n/a n/a n/a n/a n/a n/a n/a n/a

Block 1 0.01 Step 15 0.000 0.01 0.010 0.013 0.044 0.042 0.228 0.011 0.014

Block 1 0.02 Step 14 0.010 -0.01 -0.001 0.003 0.041 0.043 0.086 -0.005 -0.009

Block 1 0.02 Step 13 0.000 0.15 -0.007 -0.008 0.037 0.032 0.307 0.004 -0.010

Block 1 0.05 Step 12 0.000 0.01 -0.002 -0.007 0.036 0.034 0.084 0.018 0.044

Block 1 0.10 Step 11 -0.010 -0.04 0.047 0.039 0.075 0.083 0.090 0.025 0.068

Block 1 0.30 Step 10 -0.010 0.01 -0.003 -0.005 0.030 0.028 -0.104 -0.020 0.013

Block 1 0.50 Step 09 -0.030 0.00 0.004 -0.007 0.023 0.024 -0.051 -0.034 0.013

Block 1 1.00 Step 08 0.000 -0.02 0.004 0.008 0.025 0.031 -0.111 -0.051 -0.008

Block 2 2.00 Step 07 -0.120 -0.14 0.002 -0.014 0.003 0.022 -0.243 -0.261 -0.003

Block 2 3.00 Step 06 -0.030 -0.01 0.000 0.024 0.022 0.023 0.329 0.235 0.021

Block 2 4.00 Step 05 0.020 -0.01 0.008 0.003 0.013 0.018 -0.375 0.004 0.011

Block 2 5.00 Step 04 0.000 0.00 0.004 -0.010 0.024 0.019 -0.234 -0.033 0.054

Block 2 6.00 Step 03 -0.010 -0.01 0.014 0.010 0.027 0.028 -0.596 -0.018 0.053

Block 2 8.00 Step 02 0.020 -0.01 0.015 0.021 -0.002 0.029 0.631 -0.093 0.056

Block 2 10.00 Step 01 -0.040 0.00 0.007 -0.039 0.005 0.024 0.042 -0.026 0.050

Block 2 20.00 Step 00 0.030 -0.02 0.015 -0.262 0.011 0.027 -0.088 -0.018 -0.023

Average Sigma 

Values 0.014 0.018 0.049 0.040 0.024 0.164 0.165 0.140

mean/ media 0.000 -0.007 0.004 -0.001 0.024 0.028 -0.004 -0.018 0.014

standard deviation 0.035 0.056 0.013 0.068 0.019 0.016 0.297 0.095 0.029

max (underlined is 

reported) 0.030 0.155 0.047 0.039 0.075 0.083 0.631 0.235 0.068

min (underlined is 

reported) -0.120 -0.141 -0.007 -0.262 -0.002 0.018 -0.596 -0.261 -0.023
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Figure 9.9 Number of points and Sigma: plane-fit for unidirectional plane-spacing error of all SUTs  
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 Angularity error  

The angle error test is explained in detail in Section 4.7.2. 

Angle  

Angle 

before 

etching 

ar: 

Reference 

angles 

from SUT 

1 [°] 

am : Actual 

angles 

SUT7a  [°] 

Angle error A 

for SUT7a  [°] 

A=ar-am 

Analysis of plane-fit  

SUT7a per angle (Standard 

deviation (Sigma) σ [mm] / 

Residual [mm] / max 

deviation [mm] , number 

of points) 

Angle 0 0.00° 0.33 0.03 -0.29  

σ [mm] = 0.08  

R [mm] = 0.05  

max. dev [mm]=0.29 

no. of points=10318 

Angle 1 0.50° 0.57 0.31 -0.26 

σ [mm] = 0.05  

R [mm] = 0.04 

max. dev [mm]=0.18 

no. of points= 10489 

Angle 2 1.00° 1.08 0.83 -0.25 

σ [mm] = 0.06 
R [mm] = 0.04 

max. dev [mm]=0.23 

no. of points=10055 

Angle 3 2.00° 2.06 1.80 -0.26 

σ [mm] = 0.07 

R [mm] = 0.05 

max. dev [mm]=0.26 

no. of points=9832 

Angle 4 3.00° 3.06 2.79 -0.27 

σ [mm] = 0.08 

R [mm] 0.06 

max. dev [mm]=0.30 
no. of points=9886 

Angle 5 4.00° 4.07 3.78 -0.29 

σ [mm] = 0.08 
R [mm] 0.06 

max. dev [mm]=0.29 

no. of points=10341 

Angle 6 5.00° 5.04 4.90 -0.14 

σ [mm] = 0.05 

R [mm] 0.04 

max. dev [mm]=0.19 

no. of points=10823 

Angle 7 10.00° 10.03 10.01 -0.02 

σ [mm] = 0.05 
R [mm] 0.04 

max. dev [mm]=0.24 

no. of points=11009 

Angle 8 15.00° 15.01 14.95 -0.06 

σ [mm] = 0.03 
R [mm] 0.03 

max. dev [mm]=0.12 

no. of points=11172 

Angle 9 20.00° 20.01 19.93 -0.07 

σ [mm] = 0.03 

R [mm] 0.02 

max. dev [mm]=0.13 

no. of points=11399 

Angle 

10 25.00° 24.99 24.92 -0.07 

σ [mm] = 0.03 
R [mm] 0.02 

max. dev [mm]=0.12 

no. of points=11607 

Angle 

11 30.00° 29.99 29.94 -0.05 

σ [mm] = 0.03 
R [mm] 0.02 

max. dev [mm]=0.11 

no. of points=11936 

Table 9.4 Worked example for Angle error A for SUT7a 
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Angle 
(from 

small to 
large) SUT 3 SUT 4 

SUT 7a 
(high res) 

SUT 7b 
(medium 

res) SUT 11 
SUT 
12 

SUT 
13 

Angle 0 -0.33 -0.05 -0.29 -0.23 1.27 0.09 -0.20 

Angle 1 -0.03 0.02 -0.26 -0.22 1.03 0.10 -0.15 

Angle 2 -0.06 -0.03 -0.25 -0.18 0.96 0.07 -0.16 

Angle 3 -0.04 0.00 -0.26 -0.20 0.55 0.18 -0.11 

Angle 4 -0.04 -0.02 -0.27 -0.17 0.69 -0.07 -0.10 

Angle 5 -0.04 -0.02 -0.29 -0.21 0.82 -0.09 -0.14 

Angle 6 -0.02 0.12 -0.14 -0.11 0.66 -0.53 -0.12 

Angle 7 -0.01 0.02 -0.02 0.00 0.32 -0.52 0.07 

Angle 8 0.00 0.04 -0.06 -0.03 -0.09 -0.44 0.05 

Angle 9 0.00 0.05 -0.07 -0.04 -0.72 -0.34 0.13 

Angle 10 0.00 0.07 -0.07 -0.02 -1.23 -0.19 0.11 

Angle 11 0.01 0.03 -0.05 -0.04 -0.85 -0.23 -0.07 
Table 9.5 Angle error of all SUTs 
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 Structural Resolution   

The statistical tests to determine structural resolution is described in Section 4.10. The 

following images give a graphical evaluation of the cross sections of the SUTs. 

 

Figure 9.10. SUT12 : Structural resolution – axonometric view of 3D dataset (top) and cross section 

(bottom).   The 3mm gap could be detected 

 

 Figure 9.11. SUT13: Structural resolution - resolution – axonometric view of 3D dataset (top) and cross 

section (bottom). Pointcloud in black, in purple is the as-built geometry in CAD. No gaps could be 

detected. 
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 Spatial Frequency response (SFR)  

The SFR analysis for SUT1 was conducted as described in Section 4.11.  

 

Figure 9.12  SFR for SUT7 – 2D image analysis from 3D laser scan with texture colour. 

 

Figure 9.13 SFR for SUT9 
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Figure 9.14  SUT12 – Analysis of 2D photography for Structure from Motion 

 

Figure 9.15 SUT12 Camera SFR 

 

A Spatial Frequency Response test was done to ascertain the SFR in both directions of the chart 

for SUT12. The camera .jpg which was also used for the computation of the 3D model was 

analysed. The Halfsampling / Nyquist limit is at 11.5 cy/mm for the compressed .jpg. The 

analysis shsows that the SFR is only differs slightly in the pixel deviation. The best values 

(SFR-H / red square) are used for comparative plotting against other SUT. 
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 Numeric evaluation of sensor capabilities, synopsis of tests 

Test class Test name 

SUT1 High-res 

3D colour 

laser scanning 

SUT3 3D 

Handheld 

triangulation 

scanning, Arm-

based CMM 

SUT4 3D Handheld 

triangulation 

scanning 2, mobile 

CMM 

SUT7a (high 

resolution) 

Tabletop portable 

Triangulation laser 

Scanner 

SUT7a (medium 

resolution) 

Tabletop 

portable 

Triangulation 

laser Scanner 

SUT11 

3D 

consumer

-grade 

infrared 

sensor 

SUT12 3D 

Structure 

from Motion 

SUT13 

Photogrammetric 

Multiview Stereo 

 
Manufacturer 
specification 

Manufacturer 

accuracy: +/- 

0.025mm (25 
microns) 

Manufacturer 

accuracy: +/- 
0.016mm 

Manufacturer accuracy: 
+/- 0.3 mm 

Manufacturer 
accuracy: +/- 0.13mm 

Manufacturer 

accuracy: +/- 
0.38mm 

Accuracy: 

+/- 3 mm  
(assumed) 

Accuracy: +/- 

0.3 mm  
(assumed) 

Accuracy: depending 
on camera set-up 

Orientation 
Alignment RMS X-

Axis [mm] 
reference data 0.03 0.11 0.05 0.20 1.12 0.61 0.32 

 
Alignment RMS Y-

Axis  [mm] 
reference data 0.04 0.09 0.09 0.36 1.32 0.87 0.40 

 
Alignment RMS Z-

Axis  [mm] 
reference data 0.10 0.09 0.40 0.43 0.57 0.43 0.16 

 
Angle error  
[degrees] 

reference data -0.33 0.12 -0.29 -0.23 1.27 -0.53 -0.20 

 
Maximum unsigned 

angle deviation 
n/a 0.33 0.12 0.29 0.23 1.27 0.53 0.20 

Length 

measurement 
error 

Unidirectional Plane 

Spacing error / 

Smallest 

measureable step 
height [mm] 

0.05 0.10 0.30 0.30 0.05 0.50 0.30 1.00 

 

Average Standard 

deviation at 

Unidirectional plane 
spacing error [mm] 

0.03 0.03 0.04 0.08 0.04 0.04 0.31 0.12 

 

Unidirectiona plane 

spacing error - 

largest error per 
SUT in  [mm] 

0.155 0.047 -0.262 0.075 0.083 0.631 0.235 0.068 
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Structural 

resolution 

Minimnum 

measureable gap, 

profile test on 3D 

artefact (structure 

normal). Lateral 
resolution. 

0.10 0.50 2.00 1.00 2.00 
none up to 

3.0 mm 
2.00 3.00 

Spatial 
resolution 

Spatial frequency 

response (SFR) 
F=1/x [mm] 

0.21 n/a n/a 0.18 not calculated 

not 

possible 

due to 
noise 

1.00 3.00 

Dimension/ 

Location 

measurement 
error 

Sphere spacing 

error (standard 

deviation in mm) 
[mm] 

reference data 

and calliper 

measurements 

0.02 0.03 0.06 0.03 0.68 0.57 0.09 

 

Distance 

(Bidirectional plane 

spacing) error for a 

length of 75mm 
[mm] 

0.60 0.05 0.07 -0.68 -0.82 
not 

available 
0.07 -0.17 

 
Percentage of 

length deviation for 

75mm [%] 

0.8% 0.1% 0.1% -0.9% -1.1% 
not 

available 
0.1% -0.2% 

 

Distance 

(Bidirectional plane 

spacing) error at 
150mm [mm] 

0.14 0.16 0.00 -0.62 -0.93 0.21 0.31 -0.26 

 
Percentage of 

length deviation for 
75mm [mm] 

0.1% 0.1% 0.0% -0.4% -0.6% 0.1% 0.2% -0.2% 

Form 
Sphere diameter 

error (max value 

for SUT in [mm]) 

-0.05 0.04 -0.22 0.11 0.28 

n/a 

constrained 

sphere fit 

necessary 

n/a constrained 

sphere fit 

necessary 

-0.38 

 

Sphere diameter 

error from the 

average reference 
sphere [%] 

0.1% 0.1% 0.3% 0.1% 0.2% 0.0% 0.0% 0.7% 

 

Table 9.6 Synopsis of numeric results for quantiative sensor evaluation. Multi-variant data. 
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Table 9.7 Synopsis of Quality evaluation with normalized values.  These values are used to create characteristic sensor profiles.  

 

 

 

Test class Test name SUT 1 SUT 3 SUT 4 SUT 7a (high res) SUT 7b (medium res) SUT 11 SUT 12 SUT 13

Orientation

Quality evaluation for RMS 

alignment error (1 is best to 0 is 

worst) 1.00 0.92 0.92 0.70 0.67 0.00 0.34 0.70

Orientation

Quality evaluation for angle error 

(1 is best to 0 is worst) 1.00 0.74 0.91 0.77 0.82 0.00 0.59 0.85

Length 

measurement 

error

Quality evaluation : smallest 

measureable step 0.95 0.90 0.70 0.70 0.95 0.50 0.70 0.00

Structural 

resolution 

Quality evaluation: minimum 

measurable gap 0.97 0.83 0.33 0.67 0.33 none up to 3.0 mm 0.33 0.00

Spatial 

resolution

Quality evaluation Highest Spatial 

frequency response 0.93 n/a n/a 0.94 #DIV/0!

not possible up to 3 mm 

due to noise 0.67 0.00

Dimension/ 

Location 

measurement 

error

Quality evaluation: Distance 

(Bidirectional plane spacing) error 

at 150mm [mm] 0.85 0.83 1.00 0.33 0.00 0.78 0.67 0.72
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 Characteristic sensor profiles 

 

 Figure 9.16 Characteristic Sensor profile SUT1. 

 

Figure 9.17 Characteristic Sensor profile SUT3. 

 

Figure 9.18 Characteristic Sensor profile SUT4.  

 

Figure 9.19 Characteristic Sensor profile SUT11 

 

Figure 9.20 Characteristic Sensor profile SUT7a. 

 

Figure 9.21 Characteristic Sensor profile SUT7b. 
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Figure 9.22 Characteristic sensor profile SUT12. 

 

Figure 9.23 Characteristic sensor profile SUT13. 

 

Figure 9.24 Characteristic Sensor profile for 

RTI/PTM (2.5D). 

 

Figure 9.25 Characteristic Sensor profile SUT16 / 

Photography 
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All critera in extended radar chart 

for sensor profile 

Data Source Clockwise spoke number in 

8-spoke radar chart for sensor 

profile / Comment 

Smallest recordable step (smallest 

perceivable detail / Form) (1=very 

small steps possible) 

Data sourced from metric tests, see 

Section 4.9.3 : Unidirectional 

plane-spacing error 

1 

Capability for surface complexity 

in 3D (0=not possible to record 

complex surfaces) 

Observation 2 

Alignment / Orientation (1=good 

alignment) 

Data sourced from metric tests, see 

Section 4.7.1 : Object coordinate 

system and alignment to reference 

dataset 

3 Included in Average Metric 

Recording Capability 

Angle / Orientation (1=good angle 

rec) 

Data sourced from metric tests, see 

Section 4.7.2 : Angle error 

3 Included in Average Metric 

Recording Capability 

Smallest recordable gap / Structural 

resolution (1=very small gaps 

possible) 

Data sourced from metric tests, see 

Section 4.10Structural resolution 

test (lateral resolving power) 

3 Included in Average Metric 

Recording Capability 

Colour fidelity / tonal recording 

capability 

Observation.   4 

Texture recording capability / 

Spatial frequency resolution 

(1=excellent resolution) 

Data sourced from metric tests, see 

Section 4.11Spatial resolution test 

(axial resolving power, spatial 

frequency response SFR) 

5 

Gloss  recording capability (0=no 

gloss recorded) 

Observation.  6 

Time employed (1=quick, 0=slow) Estimate and experience. 7 

Cost of system (1=affordable, 

0=high cost) 

Manufacturer data (capped at 100K 

for this graphic) 

8 

Table 9.8 Data sources for populating characteristic sensor profiles in radar-chart 

 Software requirements and software used for quantitative evaluation 

Essential 

functions 

 

Import of  actual data recorded by the 3D system (mostly in the format .stl / .ply / .ascii) 

Feature fitting of planes, spheres, best fit with controlled parameters (e.g. selection of 

axis, fitting strategy) including  output of numeric values, such as number of points used, 

RMS and standard deviation 

Constructing distances and length through fitted elements with numeric feedback about 

length  

Output of a graphical feedback of colour coded deviations to fitted geometries, such as 

plane, sphere etc.  including a histogram of the deviation curve of error frequency (signed 

and unsigned) with controlled scale (sigma) values 

Output of numeric values, report type table for distances, length , diameter 

Desirable 

functions  

 

Import of reference data / reference values of the test object with recorded object colour 

information; Alignment of actual to reference data, for example registration via datum 

spheres; Assignments choice for Reference and Actual; Assigned distances, User defined  

coordinate systems and datums, Reference object values to actual object values, 

Registration from polygon mesh to pointcloud and  Pointcloud to pointcloud; 

Measurement of 3D geometry by ‘virtual calipers’; extraction of Gauss charts for RMS 

and error values, export possibility of numeric values of list of residual values between 

nominal and actual geometry; Extraction of 2D profile on chosen sections, with signed 

deviation vectors to reference geometry 

Not essential  

 

Running through an automated inspection routine;  

Output of reports with to-scale images 

Table 9.9 Software requirements for geometric evaluation 

Mona Hess, PhD Thesis A metric test object informed by user requirements 
for better 3D recording of cultural heritage artefacts

September 2015



Appendices 

Page 394 

For Photogrammetry and Structure from Motion (SfM) the following software packages 

were used: educational license of Agisoft Photoscan (Agisoft LLC, 2014), Vision 

Measurement System - VMS (Shortis and Robson, 2012), freeware: VisualSFM - A Visual 

Structure from Motion System (Changchang, 2014) with CMVS - ‘Clustering Views for Multi-

view Stereo’ (Furukawa, 2011), PMVS - Patch-based Multi-view Stereo Software (Furukawa 

and Ponce, 2010) with CMVS and Bundler - Structure from Motion (SfM) for Unordered 

Image Collections  (Snavely, 2010), 123DCatch with cloud computing based image matching 

(Autodesk, 2014). 

MeshLab is an open source, portable, and extensible system for the processing and editing of 

unstructured 3D triangular meshes. (ISTI-CNR, 2014) 

Pointstream is a proprietory software in connection with the Arius3D Foundation 3D colour 

laser scanner. The software is very capable for large pointcloud processing (up to 20 Mio. 

Points), it is used alignment and cleaning of pointclouds, the software also allows to write out 

into all standard formats, and export to WebGL compatible viewing (3D Image Suite et al., 

2014). Software and viewer are now discontinued. 

Cloudcompare is 3D pointcloud and mesh processing software. It enables pointcloud to 

pointcloud comparison, as well as mesh or CAD to pointcloud, paired with a flexible 

visualization of results, legend and histogram (DanielGM, 2014)  

GOMInspect is a certified software based on “Geometric Dimensioning & Tolerancing” 

(GD&T) strategies and is using ISO 1101 and Y14.5 as guidelines for computations. (GOM 

GmbH, 2014). Tested and certified by NIST (National Institute of Standards and Technologies) 

and PTB (Physikalisch Technische Bundesanstalt Germany).ppp 

Geomagic Qualify (Geomagic Inc., 2013) is an inspection software for pointclouds and 

meshes, for actual – nominal comparisons and alignment. 

For RTI / PTM viewing (2.5D) the HP PTM viewer (Malzbender, 2001) (with an option to 

change lightness of the display and filters) and the RTI Viewer by (Cultural Heritage Imaging, 

2013) were used. Both had the option to interactively light the scene, apply different image 

processing filters to enhance the viewing and to zoom in. 

Spatial frequency response (SFR) analysis requires the Matlab(R) Compiler Runtime 7.9 

(SourceForge.net, 2008) with Imcheck 3v9 Analysis Software (Burns, 2014) which was kindly 

made available by Peter Burns to the author for the purpose of this research. 
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9.4 Framework for 3D imaging projects and case studies 

 Project brief elements including requirements for 3D acquisition, 

modelling and processing 

Scope and specifications of the project. Why was it initiated? Specifications, objectives and aims. 

Any permissions in place or needed to carry out the digitisation.  

These could be IP rights of living artists, IP rights of the museum, access to the object and the space. Is a 

license needed? Please consult (JISC Legal Information, 2013) for more information in the UK. 

Description , properties of the object(s) to be imaged containing the following information  

Short description, photographs of the object from different sides, indication of size, material, short 

provenance and importance of the object. This will give clues about any difficulties in the 3D digitisation 

process, such as inside of cups or vessels, undercuts and complex geometries. This will also give 

conclusions if a material is difficult to 3D image, e.g. shiny, glossy, transparent. 

Conservation condition of the object, possibly dirt or dust. Any conservation needed before 3D imaging? 

Object location (gallery, fixed installation, corner) and moveability, can it be moved within the gallery, or 

can it be taken out to be imaged elsewhere in a lab, or off site. 

Expectations of outcomes or delivery and intended ways of useage. Requirements for 3D acquisition, 

modelling and processing. 

Who is the target audience for the 3D images? How would they like to access the 3D content later? 

What is needed and what is most important. Colour and geometry. Both equally important or only one? Is 

an economical and quick approach sufficient or is a laser scan of submillimetre grade needed. 

Is it a research grade model, if so which degree of detail will be expected. 

What is the smallest feature on the object that needs to be identified in the 3D model by a measurement? 

This will cause the choice or combination of choice for sensors.  

Is a 3D model review with the stakeholders, curators and conservators, planned into the timeline, so that 

they can assure the authenticity and likeness of the digital surrogate to the real object?  

Is it a model that is intended to be used for public engagement / outreach or on a website? This might be of 

significantly lower resolution.  

Is any repurposing of the 3D model into other uses expected at a later date? 

Is a customized viewing to be developed or an integration into the website? This usually is an extra step in 

a project. What level of interactivity should the object have and what are users allowed to do with the 

model_. Should it be tagged, comments be possible, or is simple navigation enough. Should audiences be 

able to download the 3D model, and if so at which degree of resolution. 

Is a physical replica intended by 3D printing or by 3D CNC milling? Should this be 1:1 or in a different 

scale? Should it be in colour, plastic in a random colour, or should the material have a likeness to the real 

material. An external quote might need to be tendered. Cost is highly dependent on size / material / 

resolution. For more information, please consult Appendix 9.3.1.  

Time , cost , budget , organization 

Accessibility of objects and staff to consult for information about the object. Are there specific times when 

the object can be imaged without visitors in the gallery? 

Tender out or hire equipment, or train staff? 

What is the expected time frame, including imaging on site and processing off site 

What is the expected budget the museum hopes to spend on this? A routined user will need less time than 

a beginner of 3D technologies. 

How should the data be delivered, and can contact be established with the museums database manager or 

the web manager.  

Delivery, sustainable data storage, data management and copyright 
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Processing software and hardware will always change. In that sense, it is a good idea to agree a handing 

over of all raw data, which was collected of the object, and of all processing steps. A commercial model is 

usually the outcome of some artistic decisions, and the ‘archive’ grade model without modifications of 

colour and hole fill should also be submitted. 

Has a suitable scheme for the digital provenance and metadata during the 3D modelling process been 

agreed, possibly one that can directly feed into the museum management database (e.g. CIDOC CRM dig). 

Any other technical specifications or metadata systems that need to be considered? *Dublin Core, or 

Europeana friendly? (London Charter for transparency and decision making) 

Has suitable data storage space be allocated in the client organization?  

Has the copyright situation been discussed and a suitable contract been agreed upon? 

 Metadata scheme for 3D recording, 3D processing and 3D printing 

This set of metadata has been developed with the author of this research as lead developer in 

the 3DEncounters project in 2012. This is a modified version applicable to many different 

sensors and processing steps. A further formal review of the metadata set for integration into 

heritage institutions’ heterogeneous data repositories should be conducted. 

Object and Project Information  

Object for digital documentation (Accession number, owner, location)  

Project Information: 

Team: Name 

More information & websites, program name etc. 

Conservation information: Is the object fit for 3D imaging or do any conservation steps need to be 

undertaken 

Access information, and Contact person information Are there any restrictions related to access and 

whom to contact to agree 3D imaging, or transport of the object in situ or in the lab 

Estimate for time and technology: Before starting the project what does the technician recommend and 

estimate as time frame for in situ imaging and post processing until the project has been completed. 

Acquisition Sensor 1: e.g. 3D scanning (repeat for each sensor) 

3D image capture  

Name of 3D imaging technician or operator 

Company or university information 

Contact email:  

Website:  

Date:  Location:     

Imaging Hardware / Technical data  

Model name and number:    

Imaging principle:  

Website of specifications: 

Serial number of scanner:  

Geometry recording 

Resolution / sensor settings:  

Lens used: 

Known specifications for accuracy / noise: e.g. RMS 0.0025 etc 

Calibration date / values: 

Number of 3D scans: 
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Raw data format available as : ? 

Colour recording 

Comments on texture recording, raw image size used 

Colour / texture available as : .jpg 

Additional comments for acquisition: turntable… 

Capture Evaluation   

Judging from the first rough alignment of the 3D records was the complete surface geometry captured?  

( ) Yes ( ) NO If no, why? 

Could surface colour be correctly recorded? ( ) Yes 

If ( ) NO, because it is: 

Data information. File names and types produced: 

Data / file names: 

File sizes (in brackets) 

Archiving of raw data:  

Has the raw data been given to the HERITAGE INSTITUTION for archiving? ()Yes ()No  

Has a first rough alignment been given to the museum or heritage institution? ()Yes ()No 

If yes: fill in archiving location: ___ 

Time employed for 3D scanning:  

Cost involved:  

Usual cost for 3D scanning / day or hour: 

Please continue on next page. 

3D Image Processing   

General Information 

Name of 3D technician:   Date / Location: 

Data / file names of intermediate (e.g. before hole filling) and final results (insert file names): 

Any rendering output or other file type outputs? : 

Alignment Results 

Were all the image records used to generate the final model?  ( ) Yes  ( ) NO 

Comment: 

Typical alignment values (where applicable, error/deviation value):  

Which processing steps have been applied to reach this 3D model processed stage? 

Please describe your processing steps here with software and settings used (e.g. filter settings, remeshing 

engine used, triangle reduction…) and 3D modelling treatment for processing geometry:  

Examples:  

Major or majour manual modelling to build up the surface geometry 

Assign material differences, for example specularity (indicate where and what) 

Texture mapping or colour per vertex? 

Geometry cleaning 

Remove isolated polygons 

Remove dark edges  

Filter to equal point distance / settings 

Hole filling (small holes) / settings 

Other: 

Colour  

Overall colour correction ? 

Improve overall colour :  

Remove specular flares / highlights / overexposure 

Local colour correction   
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Additional comments: 

Time employed for 3D processing: 

Cost involved? 

Usual cost for processing / day or hour? 

Data information. File names and types produced: 

Data / file names: 

File sizes (in brackets) 

Archiving of processed data / processed models:  

Has the raw data been given to the Heritage institution for archiving? ()Yes ()No  

Has a first rough alignment been given to the Heritage institution? ()Yes ()No 

If yes: Heritage institution to fill in archiving location: ___ 

3D printing  

Name of operator or technician: 

Company or university information: 

Website: 

Phone :  

Email:  

Website:  

Date:  Location:     

3D printer / Technical data  

Model name and number:   

3D printing principle and material used 

Website with information: 

3D printing specifications:  resolution / layer thickness / accuracy etc 

Serial number of 3D printer:   

Data information.  

File names and types used for 3D printing / Data / file names: 

List of parts 3D printed , please also list first trial prints: 

1. 

3D printing evaluation:   

Satisfying? Can be used? Etc. How many trials?  

Time employed for 3D printing: 

Cost involved, estimate material including first samples.  

Further use of 3D prints:  

please comment and insert photography 

 Case study Abelam Yam Mask: Cultural context, provenance and 

significance 

This Abelam Yam Mask is a milestone in the UCL Ethnographic collection due to its known 

provenance and accession card notes that it is ‘on loan from Phyllis Kaberry’. The interviewee 

and curator are very interested in the mask, as his fieldwork is being conducted in an area in 

Papua New Guinea close to where the mask was collected. Ludovic Coupaye, curator of the 

UCL Ethnographic collection, describes:  

This is one artefact is that I believe it has been brought back and been given to the 

Anthropology Collection by a researcher called Phyllis Kaberry who was the first one 
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to do proper ethnography between 1937 and 39 in a village which is not very far from 

where I worked. So she is the first one to have documented and have done the 

ethnography of this people (3808). 

Phyllis Kaberry was one of the leading anthropologists researching in Australia and Papua New 

Guinea (Toussaint, 2002, pp. 15–16). Toussaint tells us that Kaberry came to Melanesia in 1939 

where she worked with the Abelams who might have given the mask to her as a present. A 

report about her research gives more information about the circumstance she came into the 

possession of the mask around 1940 (Kaberry, 1941). She was associated to UCL Anthropology 

Department from 1949 to 1976. She loaned the mask, and possibly other objects, to the UCL 

Ethnographic Collection. 

A further significant aspect is that Phyllis Kaberry was a pioneer. Her research changed modern 

ethnography and the anthropological approach of object analysis. The practice of formal 

analysis for ethnographic objects, based in the art history practice, was characterized in the 19th 

century by comparing shapes and forms. In the early 20th century, iconography research 

introduced relationships, shapes, motives, design, art or scenes, in a painting or sculpture, to a 

certain form of signification (3808) and is including the research of the culture around these 

objects. The Abelam Yam mask is in this tradition as the curator says:  

What is interesting that her research has led to a renewal in the anthropology of art 

as a whole. (…) So this mask in our collection is an exemplar an heirloom of that 

tradition for studying art and anthropological perspective.(3808) 

But how was the mask used in its original location? The Sepik Yam Mask was created by the 

Abelam tribe in the East Sepik Province along the Sepik Stream, in the North of Papua New 

Guinea. The Abelam live in the Prince Alexander Mountains in a cultural region called the 

Maprik. The Abelam tribe is a farming society, living in hamlets, in which giant yams play a 

big role next to initiations and a strict hierarchy, involving mystic and skill in growing the yam. 

In preparation of the Yam Feast the big palatable yam, ‘Dioscorea alata’, were cultivated 

(Roscoe, 1989, p. 219). Usually men were long-yam growing and mask carving, taboos applied 

since both the mask and the yam were carrying ancestral power. The display of the big yams 

featured the decoration with basketry woven masks or wooden masks. The status of the owner 

and the village was established by the size of the yam. The technology and agency connected 

with growing the Yam is described in detail in (L Coupaye, 2009) and (L. Coupaye, 2009) 

alongside schematic drawings in different phases of the growing.  
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Figure 9.26 Yam Mask in its installation with the 

Yam.  Drawing by Ludovic Coupaye. 

 

Figure 9.27 Photograph of the decorated Yam 

featuring a mask.  Photograph: Ludovic Coupaye. 

This Abelam Yam mask is representing one of the relatively few wooden masks in collections 

and on the art market.  

The other interesting fact is that when it comes to the decorated Yams in Papua New 

Guinea the only artefact brought back in our collection are usually masks. But 

interestingly enough the ones that have attracted the attention of collectors […] and 

people who part of the big art market, of these masks....there are in fact very few 

wooden mask. Because the taste has been focused on basketry masks. The wooden 

mask has been faded away into the background. So I thought it would be interesting 

to actually bring those ones back into focus. (3808)  

It show the very common decorations for the mask, as described by (Coupaye, 2007, p. 80):  

‘using a dark background, colours are often set in strong contrasts of black/white and 

red/yellow. To create a visual vibrancy”. […] The Abelam evaluate this energy as 

essential for the power of the picture, which must be bright and vivid to be effective 

on the audience. The basic organisation of human-like figures will present an oval 

face, crowned and underlined by a crescentlike shape, representing the headdress and 

the beards (cats.21,27). Noses, designed as pointed down arrows are outlined with 

red. White lines outlined with while spots and combined with dented or hatched motifs, 

will delimitate fields of yellow and red.’ 

In summary, the activity growing of the long yams, and the subsequent display of the carved 

mask on the long-yam encompasses a constellation of many elements working together, but is 

an ephemeral installation, repeating itself in a yearly cycle. The isolated single wooden mask is 

really an isolated incomplete artefact.   
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 Case study Abelam Yam Mask: Digital representations  

 

Figure 9.28 Documentation photography before 

colour profile application.  

Reference image with the X-Rite colour scale 

used for creating a colour profile.   

 

Figure 9.29 3D colour laser scan in 2009 (no.2).  The 

colour spectrum recorded in the early version is 

significantly darker than the real object colour. 

 

Figure 9.30 Back of Abelam Yam Mask showing 

tool marks. 

 

Figure 9.31 3D colour laser scan in 2013 after 

calibration of colour with the reference photograph.  

A clear shift of recording capabilities towards a more 

truthful representation of colour can be seen. 

 

Figure 9.32 Side view of Abelam mask in high-resolution (no.3, left) and consumer grade 3D sensor (no.5, 

right).  The option for stripping the colour and only viewing geometry is possible for most 3D images. 
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Figure 9.33 Front view of Abelam mask in high-resolution (no.3, left) and consumer grade 3D sensor (no.5, 

right).  While the overall metric measurement of the mask is the same, surface inspection is better on the 

more detailed high-resolution scan (left). 

 

 Figure 9.34 Consumer grade 3D scan (No.3) from back (left) and front (right).  
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Figure 9.35 Details of  Structure from Motion photogrammetric recording.  The images were recorded 

around the object, and then automatically aligned by software Autodesk 123DCatch. 
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9.5  Excursus: 3D printing / additive manufacturing, Computer Aided 

Manufacture  

3D printing is a growing industry used in a great variety of fields. Research projects and 

community engagement initiatives , also in the cultural sector, receive funding for using 3D 

printing. 

In 2013 Business Secretary Vince Cable announced 14.7 million pounds of additional 

investment for the UK’s research councils, ring fenced for 3D printing initiatives. The minister 

stated the investment would “support new manufacturing techniques to maintain the UK’s 

position as a world leader in technology and design (JISC Digital Media 2014, 3D Printing) 

3D printing for industry stared in the 1980ies as rapid prototyping and builds are now available 

in different materials. The 3D models from 3D imaging can be used to create physical replicas 

for cultural heritage through ‘e-manufacturing’ using additive (3D printing / rapid prototyping) 

or subtractive (computer numerically controlled milling / laser cutting) manufacturing methods.  

Subtractive methods provide replicas made from material block, e.g. foam, granite, marble. A 

drill mounted to a robotic arm is controlled by the 3D model or CAD geometry on a five-axis 

CNC milling machine (CAD CAM, Computer aided design, and Computer aided 

manufacturing). Physical replicas can be reproduced in their original material. Examples are 

(University of applied sciences Coburg, Germany 2011) or  the 3D milling at the Bartlett, for 

the ‘Darwin making project’ at the Institute of Making; the author delivered the 3D dataset from 

a laser scan (Ashby, 2013)(UCL Institute of Making, 2013).  

Additive layer manufacturing: (Z Corporation, 2011) produces 3D colour gypsum replicas; 

(EOS GmbH, 2011) has specialized on laser sintering systems to produce prototypes in metal, 

plastic and sand. Fused deposition modelling includes heating a filament to build a shell through 

depositing the cross Section in heights, which is now a consumer tool for as little as GBP1000 

for a decent resolution 3D printer.  

A Trends analysis for 2005-2014 (Figure 9.36), shows that public interest started to emerge in 

2011 (bright blue). It outperformed the popularity of Augmented reality (purple) and dwarfed 

the interest in 3D scanning (green). While the interest in 3D printing and augmented reality 

have skyrocketed, the 3D scanning, photogrammetry and laser scanning. Interest has decreased. 

Many 3D image libraries for 3D modelled items are available for download (e.g. Thingiverse1, 

Sketchup 3D Warehouse2), and the ‘Maker movement’ and the ‘Internet of Things’ are 

happening at the time of writing. Museums are picking up on the trend, as the Science Museum 

                                                   

 

 

 

1 Thingiverse – Digital designs of physical objects. http://www.thingiverse.com/ . 

2 Trimble 3D Warehouse - http://sketchup.google.com/3Dwarehouse/ . 
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exhibition ‘3D printing the future’ from Autumn 2013 3 shows. The final profit for the museum 

community is still to be explored. Scientific evaluations and testing of the conservation-safe 

materials of 3D printing (ie. Measurement of off-gassing through Oddy testing) and the light 

exposure reactions of 3D prints4 should be majour concerns for museums considering to 

acquisition these objects. The Victoria and Albert museum has recently acquisitioned a gun.  

3D printing can be used for creating a physical replica from a 3D image, to-scale or in different 

scales, and as haptic objects (Section 1.1). The 3D print will have to rely on the quality of the 

3D image in the first place. The option to create replicas by 3D printing and the accuracy of 

these are not part of this investigation even though the author has published on this topic in a 

common project with the Science museum. (Hess and Robson, 2013) and has given a public 

talk on ‘Plaster reproduction in the context of 3D printing’ in the UCL Art Museum (Cobby, 

2013).  

 

 

Figure 9.36 Worldwide Trends Google analysis for 3D printing, 3D scanning , photography, laser 

scanning and augmented reality since 2004.   

 

                                                   

 

 

 

3 http://www.sciencemuseum.org.uk/visitmuseum/3D_printer_exhibition.aspx  

4 UCL Sustainable heritage and V&A project: Design with heritage project, 

http://www.designwithheritage.org/category/projects/augmented-artifacts/mm/. 
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