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1. Introduction

As part of the 3D-Cipher project funded by the German Federal Ministry of Education and Research
(BMBF), the Deutsches Museum carried out extensive 3D-CT indexing of its cryptological collection
from October 2020 to September 2023. In line with the objectives of the eHeritage funding pro-
gramme, this enabled the provision of digital indexing data for research purposes. Since many of the
cryptological devices and machines are based on complex technology that cannot be seen from the
outside, industrial computer tomography was chosen as the measurement method.! Extensive 2D dig-
itisation and occasional 3D surface scans were also carried out.

The findings on the feasibility of CT projects in cultural institutions gained over the course of this pro-
ject are compiled here as an example of best practices and do not claim to be exhaustive. In addition
to the comprehensive technical recommendations on the scanning modalities of the MUSICES project
at the Germanisches Nationalmuseum,? the focus is primarily on the feasibility from the perspective
of cultural institutions.

The structure of the “digital guide” is chronologically oriented to an ideal project sequence. At the
outset, there are project-preparatory considerations and processes that necessarily precede an exten-
sive CT measurement initiative. In the project itself, the focus is on organisational processes and the
actual measurements. This is followed by a look at how to work efficiently and as profitably as possible
with the measurement data obtained. The final sections deal with the subsequent use and provision
of the research data and results.

The considerations recorded here have been developed with a view to technically complex multi-ma-
terial objects that require different scanning equipment than, for example, biological specimens.? In
natural history fields, extensive CT measurements have long been part of analysis and indexing, but
due to different prerequisites and questions, they can only serve as a blueprint for technical objects to
a limited extent.*

2. Preliminary Considerations

2.1.How to start?
Computed tomographic measurements are often preceded by concrete questions that can largely be
divided into the following categories:

e (Conservation issues

e Object-specific questions
e Didactical questions

e Digital applications

While the first two points concern research, didactical questions and the generation of data for further
processing in other digital applications are primarily addressed to external actors. All of these points
are valid reasons for using computed tomography but should be weighed against less expensive and
more resource-efficient alternatives.

1 CT technology as such will not be discussed here. A good overview of industrial X-ray computed tomography
can be found in Hanke 2010.

2 See Bear 2018.

3 For the use of industrial CT scanners in the micrometre range see Du Plessis 2016.

4 The Museum fiir Naturkunde should be mentioned here as an example of one of the leading museums for CT
measurements in Germany: https://www.museumfuernaturkunde.berlin/en/science/micro-ct-laboratory. The
following applies to all links: date of retrieval 27.09.2023.
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The next step is to check which institutions have suitable CT equipment and what costs can be expected
here.> Simple, smaller measurements are possible for less than €1,000 but for more complex and larger
objects the costs can go into the high five-figure range. This makes it all the more important to have a
clear cost estimate at this stage.

Realistic time planning is also advisable at the beginning of the project if, for example, the results for
an exhibit must be available by a certain date. The cooperation partners or service providers may only
be able to offer certain time frames, for example, if the costs are lower in the context of a scientific
collaboration than in the case of industrial contracts. If necessary, a tendering procedure must be car-
ried out in public institutions, which in turn should be taken into account in the time planning. Likewise,
the preparation and especially the analysis of the data takes time.

The desired results and objectives should be communicated prior to the scanning work so that they
are taken into account during the measurements. If, for example, only a partial section is relevant for
a specific research question, other parameters can be used than when the entire object is scanned
evenly. Here, too, the expectations should be adjusted according to the conditions.

2.2.Planned use of the data
In addition to planning the actual CT measurements, comprehensive planning for the use and further
processing of the data to be collected should be carried out in advance. All measures should be scruti-
nised with regard to financial feasibility, existing structures (personnel, hierarchical, technical), time
expenditure, and benefits. This becomes all the more relevant the more one goes beyond the purely
internal and project-specific use of the data for research and conservation questions to the subsequent
use in larger research and mediation contexts.

If the CT data are intended purely for internal purposes (i.e., to serve as a basis for research work or
concrete restoration measures), only derivatives in the form of reports and screenshots may be
needed, for example, if the analyses are to be carried out by third parties. If this work is to be carried
out in-house, it makes sense to additionally store the reconstructed CT data (see Section 4). This en-
sures that the data can be reproduced and validated at a later time or used for new analyses. Care
should be taken to ensure that the CT data are not exclusively in a proprietary format but in a common
open-access format. This avoids the need to use a specific, and sometimes expensive, CT processing
programme.

As soon as the data is intended for publication in any form, be it the reconstructed image stacks or a
derivative thereof, considerations must flow into the data formats and the usage scenarios (more on
data formats in Section 5.1). Ideally, all data needed to generate the relevant final results (analyses,
videos, surface models) are stored. This ensures traceability as well as re-implementation if desired in
the future.

2.3. Logistics
The issue of logistics is particularly important when either the scanning facility is far away or the objects
are fragile or difficult to transport. Basically, the usual considerations for art transport apply, with re-
gard to transport, insurance, etc. Especially in the case of more complex measurements or measure-
ments encompassing several objects, it should be clarified how long the objects will be off-site and,
above all, whether the desired storage conditions can be met in terms of security and climatic condi-
tions.

51tis assumed at this point that an industrial CT scanner is not available nor is the institution planning on acquir-
ing one.
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Even though computed tomography is non-invasive, object-specific requirements should be commu-
nicated and agreed upon in advance. For example, it often makes sense from a metrological point of
view to wedge or partially disassemble an object in order to improve the measurement results.®

3. CT Measurements

The actual CT measurements were comprehensively documented by the MUSICES recommendations
for the specific case of musical instruments. These recommendations are in many cases applicable to
other cultural objects.” At this point, therefore, only the deviations and the special case of metal-con-
taining and thus dense materials, which are often accompanied by measurement artefacts, will be
discussed.

Measurement artefacts occur very frequently in computed tomographic measurements and have var-
ious causes.t Many of the artefacts can be avoided directly during the CT measurement by calibration,
repeated measurements or by post-processing the CT reconstructions. However, some effects can only
be controlled to a limited extent and should therefore be considered in advance during planning. Beam
hardening in particular can lead to disturbing image errors. Beam hardening occurs in particularly
dense materials such as metal when penetrated by X-rays, as the photons scatter to different degrees.’
The result is visible “stripes” in the CT images. These occur in particular when the density of two ma-
terials lying directly on top of each other differs significantly. In the case of strong beam hardening
effects, materials can be so extremely superimposed that certain areas can hardly or not at all be rec-
ognised.

Figure 1. Differently pronounced beam hardening in three different single-lens microscopes. The lens in the left
CT scan can be seen very well, while it can only be guessed at in the right image.
CT scans: Klaus Achterholz, TU Munich.

6 Bear 2018, pp. 56-62.
7 1bid, pp. 16-19.

8 Boas 2012.

9 Lifton 2013, p. 1.

Matthias Goggerle, 29.09.2023 Deutsches Museum 5



There are numerous approaches to minimise measurement artefacts such as beam hardening.'® Even
if it is not necessary for most users to deal intensively with these technical specifications, it is never-
theless useful to be aware of the possible consequences or the technical limitations of computed to-
mography.

4. Data Preparation

4.1. Software
Specialised software is necessary for working with CT image data. There is an abundance of free and
premium software, which differ mainly in terms of usability, complexity, and range of functions.™
When choosing software, it should ideally be clarified in advance which tasks the cultural institution
itself will take on and which will be carried out by the scanning institution. Depending on how extensive
the planned CT data to be used is and the degree to which the institution is contributing to a project,
it becomes increasingly important to use a software that offers a wider range of functions.

For smaller CT analyses with very specific questions from the point of view of object history or conser-
vation, the acquisition of one’s own CT processing software is not absolutely necessary, as an evalua-
tion can be carried out by the scanning service provider. The results can then be transmitted in the
form of analysis reports, screenshots, and, if necessary, videos.

For more extensive projects, the acquisition of one’s own software and familiarisation with it can prove
useful and sensible. This is the case, for example, if repeated analyses are to be carried out with the
measurements that exceed the cooperation agreement with the service provider. Similarly, in-house
data processing may be useful for further processing of the CT data for mediation purposes in various
forms. Here, further processing software may be needed, for example, for transformation into surface
models or for simulation purposes.

-
..

10 See, among others, Lifton 2013.

11 At this point, no recommendation for or against individual programmes should be made. A good, albeit not
entirely up-to-date, overview of free programmes is provided here: https://peterfalking-
ham.com/2019/02/18/free-software-for-ct-segmentation-2019/.

Figure 2. Graphic by author.
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The functional scope of different programmes differs considerably in some cases. The obligatory step
of CT reconstruction is usually carried out directly after the CT measurements by the experts and
should only be part of the functional scope for institutions with their own CT systems. The viewing of
the individual sectional images in x, y, z axes and a 3D rendering are part of the minimum scope of
most CT programmes. Many programmes differ from each other, especially in terms of quality and
options for 3D rendering. Other features include geometric measurements and analysis tools such as
porosity, deformation, and deviation analyses or target/actual comparisons. In the case of premium
products, there are sometimes additional modules that have to be paid for and purchased as required.
The possible input and export formats for the various data (CT, analyses, meshes, etc.) should also be
considered. For example, some proprietary formats can only be read by your own software. Usually,
however, common open-source formats are supported by most programmes. This is important, among
other things, if further work is to be done with the data in FEM or 3D surface programs.'?

Since many first-time users will be working with CT software, the accessibility, ease of use, and learning
curve of the programmes should not be underestimated. In the case of freeware, there are often ded-
icated communities and extensive online tutorials, but these often require basic knowledge. Program-
ming skills are also required in some cases, which make the programmes customisable but also more
complex to use. Programmes that have to be paid for often offer training, but this is usually accompa-
nied by additional costs in the three- to four-digit range.

In summary, the decision for or against CT processing software should be made on the basis of the
following criteria:

e Type and scope of processing
e Financial means

e Human resources

e Time

4.2.Hardware
When considering suitable PC hardware, a distinction must again be made between how and to what
extent the CT data is to be worked with.

A standard computer is sufficient for viewing the reconstructed image stacks alone. If 3D rendering or
reslicing (realignment of the image stacks) is also to be carried out, the requirements increase. A pow-
erful graphics card and sufficient RAM are the most important factors. For example, if the recon-
structed volume is loaded completely into the working memory. With large volumes in high-gigabyte
ranges, usual laptops, but also desktop PCs, reach their limits. Many programmes offer the possibility
to load only a part of the data set or to skip individual slice images in order to reduce the size. However,
this reduces the resolution.

For many steps of data preparation, such as surface determination, surface and volume meshing and
animations, a powerful computer is also an advantage. For example, creating a polygon mesh of a large
surface can take 30 to 60 minutes of computing time, even with high-end hardware.

Precise recommendations are difficult at this point and depend on the individual case as well as on
constantly changing technologies. Basically, it is advisable to comply with the hardware requirements
of the software providers and to rely on the expertise of the experts for the computed tomographic
measurements. However, a dedicated mid-range graphics card and rather more RAM are generally

12 The individual steps of data preparation are described in Section 4.3.
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sensible investments. There is no need to invest a disproportionate amount of money in this area, but
one should be aware of the possible limitations in terms of feasibility and computing time.

4.3.Steps in data preparation
The preparation of the CT measurements can be divided into different steps, which have to be carried
out partially or as a whole, depending on the question and the desired result. The most important
steps are listed and explained below.

4.3.1. CT reconstruction
Directly after the CT measurements, the CT reconstruction takes place (i.e., the calculation of the 3D
volume data sets). This step is usually carried out directly by the scanning cooperation partner. The
two-dimensional images of the computed tomographic measurement are converted into 3D volumes
by interpolation. In this process, the grey values lying between two images are averaged.'® In this highly
automated step, unwanted image artefacts (beam hardening, ring artefacts, etc.) can be partially re-
duced.

4.3.2. Surface determination
After the CT reconstruction, further work can be done with the sectional images in suitable CT pro-
cessing programmes. This is usually the first time that researchers come into contact with the CT data
themselves.

The property that different materials absorb X-rays to different degrees is visualised as grey values in
CT programs. This also means that, unlike surface scan methods, there is no clearly defined surface.
Surface determination is needed for many other analyses, including all geometric measurements such
as distances, angles, lengths, shape or position tolerances, nominal/actual comparisons or inclusion
analyses, as well as for the creation of surface models. It is one of the most important steps in working
with CT data.'* This makes clean surface determination all the more important. For objects with differ-
ent materials, basically every material can be defined as a surface.

Figure 3. Various surface determinations of an Enigma M4, partially coloured.

13 Luccichenti 2005, p. 2147.
1 For a comprehensive description of the surface determination of CT data see Kroll 2013.
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The determination itself is carried out semi-automatically by the CT software using various threshold
value methods.?® The more similar different materials are in terms of their density—or their grey values
in the CT measurement—the more difficult a clean surface determination becomes. This becomes clear
when looking at a 2D sectional image without interpolated representation (Figure 4). The individual
voxels (three-dimensional grid points) are assigned different grey values, which in sum appear like a
coherent surface, but cannot be defined as an exact surface. The algorithms can compensate for this
to a certain extent, but there may be deviations of greater or lesser magnitude. Especially with very
exact analyses, this can sometimes lead to distorted measurement results. Therefore, it may make
sense to repeat this step iteratively until a sufficiently exact accuracy has been achieved. Alternatively,
this can be done based on manual segmentations, on which a cleaned surface determination can then
be carried out (see Section 4.3.4).

Figure 4. 2D CT cross-sectional image without interpolarised representation.

15 Yang 2022 provides an overview of various algorithms.
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Figure 5. Unclean surface determination of an Enigma M4 with artefacts.

4.3.3. Metrology and analyses

After the CT data set has been defined with a surface, further analyses and measurements can be
carried out. For this purpose, it often makes sense to abstract parts of the data set and describe them
with the help of geometric shapes. For example, points, lines, circles, and surfaces, but also three-
dimensional shapes such as spheres or cylinders are adapted to the object. A cleanly performed surface
determination is essential here in order to achieve results that are as exact as possible. With the help
of ideal shapes, deviations and deformations of the objects can then be detected, visualised, and nu-
merically quantified.

Simple but very powerful tools are measurement analyses for distances and angles. This allows precise
measurements of hard-to-reach components, which provide information about constructional details
or can serve as a template for detailed replicas. The possibility of reslicing the sectional images, i.e.,
shifting the viewing plane, which is inherent in computed tomography, enables comprehensive anal-
yses of the scanned objects.
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Figure 6. Distance and angle analyses on components of an Enigma M4.
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Figure 7. Geometric shapes adapted to a CT data set and the real deviations.
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Even more complex analyses can be realised with the help of geometric shapes, such as angular dis-
tances, parallelism, sphericity, etc. The metrological methods are mainly used in material and compo-
nent analysis to detect deviations from a given standard and to define tolerance ranges. By combining
CAD models with blueprints of ideal geometric models, the smallest deviations can be detected and
documented. However, CAD models are not usually available for use in cultural institutions. Neverthe-
less, comparative analyses can be carried out on the basis of the CT data, for example by scanning and
comparing two objects of identical construction. To do this, both CT data sets must be loaded and
digitally overlaid. Here, again, a surface determination is necessary, based on the characteristics of
which the software can carry out the alignment. If necessary, the definition of geometric shapes is
useful to improve the accuracy of the overlay. Because just as with the determination of the surface,
the quality of the superimposition has a direct influence on the significance of the results. Otherwise,
there is a danger of drawing conclusions about the physical objects that are in fact merely the result
of the software setup. With careful preparation, this target/actual comparison finally provides a devi-
ation diagram for all voxels, indicated in distance to the reference object (in nm, um or mm). Toler-
ances, search distances, etc., can refine the analysis.

Figure 8. Digital overlay of two Kryha standard machines with coloured deviation diagram. The pink-coloured
mechanics at the bottom left of the picture are not present in the comparison object.

Especially from a conservation perspective, deformation and porosity analyses can provide helpful
knowledge about the condition of objects. With the help of digital volume correlation, the change in
the object’s condition between two CT scans can be visualised. This is particularly useful for document-
ing material degradation or particularly stressed components.® Inclusion or porosity analyses can be
used for foreign body analysis, for example. Here, the algorithm uses threshold values to calculate the
proportion of foreign material within a defined area. For the CT data, this differentiation is based once

16 CT scans can complement the extensive analytical methods (spectroscopy, XRF, etc.) used in restoration re-
search.
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again on the assigned grey values and, analogous to surface determination, is more exact if the mate-
rials being compared significantly differ from one another. At the Deutsches Museum, for example,
this analysis method made it possible to quantitatively measure the decomposition of a wooden strut
on the basis of the proportion of air it contained. Based on these results, further conservation
measures could then be planned in a targeted manner.

Figure 9. Porosity analysis of a strut of a glider by Otto Lilienthal in 2D and 3D view. The coloured areas depict
air pockets that have been categorised and defined according to pore size.

4.3.4. Segmentations

Together with surface determination, segmentation is one of the most important tools for processing
CT data. Here, the CT images are divided into individual regions of interest (ROI) and sharply separated
from each other. In this way, for example, different materials or mechanical components can be ex-
posed. Segmented components can then serve as the basis for animations and further visualisations
that are intended to explain individual elements of an object in more detail. In addition, surface models
can be created specifically on their basis and in part, the problem of different materials can be circum-
vented when determining the surface.

The segmentation of a CT data set can be done in different ways and depends on the material compo-
sition of the objects, the quality of the CT scans, the technical complexity, and the chosen objective. In
addition, different CT programmes offer various segmentation options, some of which are based on
their own algorithms.

Basically, three segmentation techniques can be distinguished: threshold-based, manual geometric,
and automated segmentations. In recent years, there have been increasing attempts to automate the
segmentation process with the help of machine learning and artificial intelligence.'” Although some

17 Examples of Al-based segmentation can be found, for example, in Borrelli 2021, Chen 2022, and Lang 2022.
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software programmes already offer Al-based segmentation, at the moment there is often no way
around manual segmentation. Threshold-based segmentation is based on the grey values of the voxel
data and is closely related to surface determination (see Section 4.3.2). Here, too, the following ap-
plies: The more different the materials and thus their assigned grey values are, the easier they can be
separated in the CT data set using threshold-based segmentation. A common example of this is the
separation of wood and metal parts.

The segmentation process becomes more complicated with material mixes whose densities are very
similar or when splitting components of the same material type. In the case of technical artefacts, this
will often be the case when mechanics are to be broken down into their components. Since CT meas-
urements are always an approximation depending on the chosen resolution, among other things, some
components may “merge” in the digital CT dataset that are actually structurally separate. Segmenting
these parts is therefore only possible manually, requiring considerable time.

| 6mm

Figure 10. 2D-CT image of two apparently fused gears.

Manual segmentation works by selecting and defining the individual ROIs by drawing them in the 2D
or 3D view. Here, too, various geometric shapes such as rectangles, circles, etc., are often available as
tools with which to optimise this laborious process. Experience shows that the best results can be
achieved with an iterative process of different steps, which, depending on the individual case, consist
of geometric- and threshold-based segmentation, the use of geometric shapes (see Section 4.3.3), and
ROIs based on surface determination.

The segmentation of the components of a Hagelin M-209 cipher machine is described here as an ex-
ample. The mechanical system consists of several interlocking components, some of which are made
of the same or similar material in a confined space. Neither a purely threshold-based segmentation
nor a fast geometric segmentation led to acceptable results.
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In the first step, a surface determination was carried out that corresponds to the grey values of the
relevant parts of the mechanics.’ From this, an ROl of the volume can be generated on the basis of
the grey values, which can serve as a reference with regard to the grey values of all future ROls. This
means that all ROls created afterwards are intersected with the volume ROl and form a subset of it.
Subsequently, a manual segmentation was carried out for the components that correspond to “simple”
geometric shapes. In this example, this worked particularly well with the cylindrical cage at the rear
end of the cipher machine. Details were then reworked at individual points until the result met the
quality requirements. To remove the grey values that do not belong to the selected component, such
as the trapped air, the ROl was cut with the volume ROl as described above. This way, this method also
works for components such as the printer axle, consisting of individual gears, as misleading surround-
ing air can be subtracted. This step was repeated analogously for all geometrically simple shapes.

For complicated shapes such as the levers for transferring the cage to the rotors, an intermediate step
was necessary. Thanks to the surface determination, a geometric free-form surface can be defined,
from which an ROI can be created. Here, too, rework was necessary, such as extending the ROI by the
search distance X or smoothing the ROI. The sometimes time-consuming process leads to significantly
more accurate results than manual segmentation. Finally, the ROls created in this way were cut again
with the volume ROI.

ROIs can not only be intersected with another ROI as a subset but can also be subtracted from each
other. This is particularly helpful because, in the case of parts that are close together, manual detail
processing is only required once and this ROI can then be subtracted from the second one. Therefore,
it can be suggested that creating a greater number of ROIs leads to a faster segmentation of the re-
maining parts.

All these processes require a certain training period to achieve good results. Fortunately, the processes
can usually be directly reviewed, reworked, and corrected. Finally, it should be noted that full segmen-
tation is often not necessary and the scope should be based on the desired outcome.

Figure 11. Hagelin M-209 cipher machine. Photo: Konrad Rainer, Deutsches Museum, CC-BY-SA 4.0.

18 This step can be repeated as desired with other grey values if, for example, another material is to be the focus.
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Figures 12 and 13. Unsegmented and segmented mechanics of the Hagelin M-209.

4.3.5. Surface models

If further 3D models are to be created with the CT data, a conversion into 3D surface models (surface
or polygon meshes) can be useful. Many CT programmes offer this function and export in common
formats. Surface definition is once again the decisive step for the quality of the mesh, as it defines the
surface on which the polygons are mapped, which ultimately creates the 3D model. Here it is important
to note: The tighter the mesh and the smaller the search distance, the longer it takes to calculate the
model and the larger the surface model will be later. Since CT data naturally do not have any textures,
unevenness is much more noticeable than in surface models created by 3D surface scans, which can
conceal inaccuracies with textures. As a result, 3D models from CT data often consist of significantly
more polygons and are correspondingly larger, which in turn can have a negative effect on the display
in a web viewer or the performance in a 3D scene. If possible, surface models should therefore prefer-
ably be created from designated methods such as photogrammetry, laser scans, etc., instead of CT
data. However, since CT data can be used to create surfaces that cannot be captured by other scanners
(such as the mechanics inside a closed enclosure), they can still be a useful addition, especially if the
CT measurements are already available.
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Figure 14. An unclean surface model with incorrectly recognised material as well as gaps due to unclean surface
determination of the CT data. Hagelin CD-57 cipher machine.

Surface models have multiple application purposes such as online display in a variety of 3D viewers, as
a basis for animations and interactive scenes or as a template for 3D prints. There are approaches to
combine computed tomographic 3D CT data with surface scan data and display it in one data set. The
advantage is obvious, one obtains an accurately textured surface paired with the depth-defining infor-
mation of computed tomography. Technically, the undertaking is not trivial, as different data models
have to be merged. The result is a point cloud that is partly composed of the surface data and partly
of the CT data.”

4.3.6. Volume meshing
Volume meshes can be created from the CT data, which, unlike polygon meshes, also depict the inte-
rior of the objects as a (tetrahedral) mesh. The very specific application is limited to finite element
simulations for structural analyses such as strength and deformation investigations, fluid mechanics
simulations, and special rendering applications. For most applications in GLAM institutions, however,
these methods will not play a role.?

1 The Gyrolog project has implemented this using historical gyroscopic instruments as examples: https://por-
tal.wissenschaftliche-sammlungen.de/CollectionActivity/182412. For a description of the methodology, see Zhan
2020 and Fritsch 2021.

20 For more on the use of volume meshing, see Varotsis 2021 and Kuhimann 2022.
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4.3.7. Animations
Renderings can be created indirectly via the diversions of the surface models or directly based on the
CT models. Many CT programmes offer extensive rendering settings and animation options. For exam-
ple, the animation can be exported in common video formats for further processing in video programs.
For interactive animation applications such as in the gaming sector, conversion to surface models usu-
ally has to be resorted to.

The advantage of direct animation of the CT data is the possibility of seamless representation of dif-
ferent surfaces. In addition, a time-consuming conversion of the CT data into surface models is not
necessary, as very good results can be achieved with the software’s own settings. This allows videos

to be created that can impressively convey the power of the CT data of “looking inside” .2

5. Data Export

Data export is of great importance when working with CT (and also other) data. As long as you are only
working within one programme, the question of data formats and exports does not arise. But at the
latest when the data have to be exported and converted for other applications, there is no way around
data export. It is therefore advisable to deal systematically with the possibilities and limitations of dif-
ferent formats at an early stage.

Which data or derivatives are to be exported again depends on what is to be achieved with the CT
data. For researchers, CT reconstructions are of particular interest in order to carry out their own anal-
yses without loss of information. Analysis reports are particularly interesting if they are to serve as a
basis for further work such as publications. From a mediation point of view, images, animations, and
surface models are relevant results. For archiving, online presentation, and possible Linked Data ap-
proaches, metadata also play an important role.?

5.1. Data formats
When choosing the data formats, it is again necessary to differentiate between the individual work
steps. For example, derivatives from the CT data as surface models or volume meshes are ideally saved
in common formats (obj, glb, stl, ply or inp, pat, bdf) for further processing.

The CT measurements themselves are often stored in proprietary formats of the processing software.
As long as the data are used exclusively for singular research questions and are thus only needed in a
closed ecosystem, these formats can be worked without any problems. As soon as the CT data are
passed on to third parties, be it researchers or the general public, it makes sense to convert them to
an open format. The CT data can be saved as image stacks. These are composed of the individual sec-
tional images in one direction, whereby the number of images corresponds to the number of voxels in
this direction. CT programmes then reconstruct the volume data from the image stacks. The sectional
images can be saved in formats such as jpg or tiff and viewed through common image processing pro-
grammes. The DICOM format, which originated in the medical field, has established itself as the stand-
ard for CT, MRI, and ultrasound images and offers numerous metadata options, which are, however,
optimised for medical purposes (patient data, etc.).

Analyses and measurements can usually only be saved within a project instance of the CT software. An
export in an image stack for further processing in other programmes is usually not possible. Exports in
report form (pdf, excel, etc.) for analyses nevertheless offer a possibility to export corresponding in-
formation.

21 See an animation of the 3D cipher project of a NEMA cipher machine: https://youtu.be/FCbzThclfBw.
22 See Section 6.
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Screenshots and animations can be exported in standard image formats (png, jpg, tiff) or video formats
(avi, mp4 etc.) and then edited in appropriate programmes. The animation itself cannot be changed
after export.

Annotations, i.e., labels attached to the CT slice images consisting of a free text and a position in x, y,
z direction, can be exported in table formats if necessary. A difficulty arises from the reference system,
i.e., the global or local coordinate system, which cannot be exported. Likewise, the third-party pro-
gramme must allow the import of the annotations in this format, which is not necessarily given. Ideally,
it is considered in advance for what annotations are needed and whether they can be added at a later
stage (e.g., in online 3D viewers or in animations) instead of directly in the CT processing software.

5.2. Export of ROIs
ROIs have a special significance as a segmented subset of a CT dataset. In the narrower sense, no new
research or analysis data are generated and all information is already available in the CT reconstruc-
tions. However, due to the importance of the segmentations for many further work steps and the
effort involved, data export and backup of the ROls make perfect sense.

ROIs can usually only be stored and retrieved within a software ecosystem.? One way of saving is to
export them as 3D surface models. However, this involves the loss of the volume information of the
CT data. Another option is to export in tabular form with the most important information of grey val-
ues, number of voxels, position, and standard deviation.?* Here a graphical view of the ROls is not given
by all CT viewers.

Another option is to export as a CT dataset, i.e., as a subset of the original dataset. The advantage is
that segmented volumes can be loaded and displayed by all CT viewers, provided they are saved in a
compatible format. The disadvantage is that it is a very large amount of data, as all CT slice images of
the corresponding sections are stored again. In addition, the ROls generated in this way cannot neces-
sarily be correctly aligned with each other again, as the orientation and position within the global co-
ordinate system are not saved. A workaround is therefore required if the individual ROIs are to be
reassembled afterwards. Various CT programmes offer semi-automated processes here, so this
method can be considered the most promising unless one wants to remain within the original pro-
gramme.

6. Data Link

6.1. Further digitisation measures

Often, digitisation actions are not limited to the use of computed tomography, for example, when a
museum collection is to be made accessible. The digital copies produced from this are a dematerial-
ised, digital representation of physical objects enriched with a deeper level of information.?* Classically,
a basic digital capture of meta- and research data is carried out (e.g., in databases).?® The more value
is placed on machine-readable data input in this process, the better it can be linked later (Linked Open
Data). 2D object photography is also one of the common digitisation methods and forms the most
important recognition feature of objects, both in internal databases and in online collections.?’

23 There are some workarounds, for example the open-source application Osirix. However, it is not yet possible
to view previously defined segmentations with a CT viewer of one’s choice.

24 See Zwingenberger 2008.

%5 |n distinction to Digital Born Objects, which are not created on the basis of a physical model. Regarding this,
see Carius 2022, pp. 19-22.

26 On basic digital recording and standards, see Deutscher Museumsbund 2022.

27 |bid, pp. 39-41.
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In actual 3D digitisation, computed tomography is at best a marginal phenomenon. The lion’s share is
realised by 3D surface scanning methods. The most important methods used here are photogramme-
try, laser scanners, and structured light methods. In photogrammetry, several images are taken with a
camera, which are subsequently converted into a three-dimensional point cloud by software. In the
structured light method, a light pattern is projected onto the object and captured by a camera. By
distorting the pattern on uneven surfaces, the software can use triangulation to calculate the coordi-
nates of the individual measurement points in three-dimensional space and thus generate the 3D
model. Laser scanners work on a similar principle: by projecting, deflecting, and reflecting a laser onto
the object. The laser beams are then captured by a detector camera and a 3D point cloud is also cre-
ated using triangulation methods based on software.?®

All methods have their advantages and disadvantages. What they have in common is that the result is
a three-dimensional point cloud that can generate a polygon mesh by means of triangular meshing.
Analogous to mesh creation from CT data, there is also a loss of information here. The finer the mesh,
the better the result. On the other hand, the computing times and the data sizes increase. The methods
mentioned here all only record the surface and, unlike CT measurements, do not provide information
about areas hidden from the camera. Instead, the texture of the objects is also recorded, which is not
possible with the X-rays of computed tomography.

6.2. Metadata
Metadata is important additional information about an object that is intended to structure and de-
scribe it in more detail.?® Ideally, the metadata created should also be referenceable. Object-specific
metadata includes, for example, type of material, manufacturer, dating, etc., but also classifications
according to object type. There are established standards for different subject areas and metadata
such as DublinCore, CIDOC CRM or LIDO.%°

Digitisation processes also generate new, technical metadata. In 2D photography, this includes infor-
mation about the camera model used, the name of the photographer, resolution, etc. Image rights and
licences also fall under metadata if, for example, the digitised images are published online. In 3D dig-
itisation processes, other metadata are generated.

In CT digitisation, a distinction must again be made between the degree of processing of the data in
relation to metadata. For the actual CT measurements, there are standards for recording scanner mo-
dalities, etc.3! This results in the minimum requirements of the metadata for reconstructed CT images:

e UniqueID
e Filesize
e Media type

e File format

e Target grid size

e Voxel spacing

e Unit for the voxel distance
e Colour depth

The unique ID as well as the media type (e.g., CT image stack) may only be of interest during later
processing. The file format can be, for example, a raw file or an image stack (DICOM, jpg). The target

28 A detailed description is provided by Henkensiefken 2022, pp. 7-15.
29 Dérfler 2020, p. 39.

30 Bullin 2020, p. 11.

31 Bear 2018, pp. 33-55.
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grid size describes the size of the scanned and reconstructed area in x, y, z direction and depends on
the voxel spacing—the resolution so to speak. Here the distance of one voxel centre to the next is
measured, also in x, y, z direction. If the file size is reduced by skipping individual voxels, not only does
the voxel spacing change, but also the target grid size. The voxel spacing is usually specified in mm or
um. The colour depth can be, for example, 8 or 16 bits.

This information is essential for the correct display of the data in CT processing programmes and must
be specified when loading. In certain cases, the information is stored in the metadata of the image
stacks themselves (e.g., DICOM). However, raw files do not support this. It therefore makes sense to
store metadata separately.

The exchange format for metadata LIDO, which is common in the museum sector, offers only insuffi-
cient metadata elements for the special case of CT measurements and therefore cannot capture all
relevant metadata.3? A workaround for storing and presenting the metadata is therefore necessary,
for example in the form of separate text files.

In addition to the descriptive metadata, it may be useful to document and store the process-based
paradata. This refers to the descriptive data of data creation and data interpretation.3® On the basis of
well-documented paradata, it is ideally possible to later trace the individual work steps from an original
state to the present final state. For computed tomographic data, this can mean, for example, the num-
ber of measurements including the changed parameters or the parameters of the post-processing (sur-
face determination, measurement analyses, generation of surface models, etc.).

6.3. Rights of use
Terms of use of digitised material must primarily be negotiated and defined within the institution.®* A
distinction must be made between the rights of use of metadata and the actual digitised material.
Usually, the descriptive metadata are provided with a maximum free licence, as they have neither
artistic value nor research-specific relevance. Moreover, metadata are an essential part of digitised
work and should be easily accessible.

In principle, the digitised material itself can be provided with very open or very restrictive licences.
Current recommendations are clearly in favour of the most comprehensive and open re-use options
possible, which is sometimes also made a condition for funding.®

Where applicable, third-party copyrights must be taken into account, which can represent a restriction
for open licences. In the case of computed tomography, this concerns the scanning itself as well as any
data processing. Here, the desired usage scenarios should be agreed and specified in advance.

6.4. Linking the Data
Linked data has great potential in terms of richness of information and discoverability if data has been
processed accordingly. While there are already established recommendations and standards for many
digitisation methods, this is not yet the case with computed tomography. Linking it with other object-
describing data and metadata is therefore anything but trivial.

At this point, the procedure used in the 3D Cipher project will be described. Due to the given structures
and technical peculiarities, it can at best be regarded as an intermediate step towards an ideal solution.

32 Ibidem, p. 55.

33 Dérfler 2020, p. 441.

34 The granting of Creative Commons licences, for example, is well established: https://creativecommons.org/.
35 This is the case for the DFG, for example. See the DFG Code of Practice, pp. 42-44 and Deutscher Muse-
umsbund 2022, p. 39.
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The project aimed to link the following digital data of the cryptological collection of the Deutsches
Museum:

e 2D object data

e 3D CT datasets (web viewer)

e 3D CT datasets (web repository)
e Research data (as download)

e Annotations

e 3D surface models

e Animations

The original approach of integrating the 3D CT viewer developed for the project directly into the online
database Deutsches Museum Digital (DMD) on the object pages could not be realised during the pro-
ject period. Since the data available in LIDO-XML format is generated from the internal museum data-
base, the CT data would have to be fed in afterwards. In addition, the web viewer in its current form
is not suitable for embedding, partly because of the size of the data sets to be loaded.3® As a solution,
the web viewer is hosted in a separate instance on the DMD’s servers.®” The individual datasets were
enriched with annotations that can be downloaded in json format. In addition, there is a link to Ze-
nodo®® to download the uncompressed CT image stacks, the segmentations and, if available, the sur-
face models.

The web repository MorphoSource is also used, as it is an established platform for storing, displaying,
and exchanging CT datasets.?® Here, too, a link back to the datasets in the DMD and to the 3D Cipher
project page was created. This serves as a landing page and links to all the above-mentioned pages and
vice versa. Some animations are also stored here, which also cannot be elegantly linked to the other
CT data and their derivatives on one page.

The procedure presented can at best be seen as a compromise solution in terms of technical feasibility.
The 3D Cipher project and the experience gained from it serve as a first-use case for NFDI4Memory,
which will be launched in 2023, with regard to data quality. Ideally, solutions for the problems men-
tioned here regarding data structure and data linkage will be developed in the near future.®

7. Long-term Archiving

Digital long-term archiving is an important topic, especially in museum digitisation, as preservation is
one of the core tasks of a museum. For CT data, storage in an open and established standard, such as
the already mentioned DICOM or tiff formats, is therefore a good choice. For metadata, formats such
as txt, pdf or XML are suitable.** When providing data on one’s own servers, it should be guaranteed
that the data are migrated to new versions and digital infrastructures, and continue to be available. In
the 3D Cipher project, the very large CT datasets and the associated metadata were therefore stored

36 Following the project, however, work will continue on integrating 3D and also 3D-CT models into the Deutsches
Museum Digital database.

37 See https://ctview.dmd.zone/.

38 Zenodo is CERN’s online storage service for scientific research data: https://zenodo.org/.

3% MorphoSource is mainly used by natural history collections to upload biological specimens: https://www.mor-
phosource.org/.

40 https://4memory.de/.

41 https://www.forschungsdaten.info/themen/veroeffentlichen-und-archivieren/formate-erhalten/.
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on the Zenodo web platform and are available for download using persistent identifiers.*? As a re-
nowned institution, CERN can guarantee long-term availability. In addition, the reconstructed image
stacks are stored on the servers of the Deutsches Museum.

There is also the question of how to proceed with derivatives that have been created from the CT data.
For the important and time-consuming steps of segmentation and the generation of surface models,
data sets were also deposited with Zenodo in order to guarantee long-term availability. Other deriva-
tives, such as illustrative videos, were deliberately not archived for the long term because, as snap-
shots, they do not contain any generically new information. This was a conscious decision within the
project and may be handled differently in future projects according to the objectives.

8. Conclusion

The empirical values presented here are intended to list the peculiarities of computed tomographic
measures and serve as initial information for planned research projects in cultural institutions. As is so
often the case, the most important factors are time and money. Therefore, it should be considered
very well in advance which goals are to be achieved with the use of CT measurements and whether, if
necessary, other measures are more target-oriented and economical.

Based on a work plan, CT measurements can be planned and carried out accordingly, usually by an
external institution. If the data processing is to be carried out by the cultural institution itself, the costs
for hardware, software, and personnel must be taken into account. In addition, the time required
should be realistically estimated and any training periods should be taken into account. It is advisable
to avoid proprietary formats wherever possible and to use open standards, especially with regard to
long-term archiving. Linking reconstructed CT data with other digitised data is desirable, but represents
a major challenge.

With correspondingly careful planning, computed tomographic measurements are a great enrichment
for the digitisation of cultural objects. This is true both for conservation and object-historical questions
as well as from a mediation perspective. Therefore, it is to be hoped that the importance of CT analyses
will increase and that formal and technical developments will emerge that make the use of the tech-
nology more cost-effective, standardised, and thus, more attractive.
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